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EXHIBIT A 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

la re application of: 

SaHENK,DaleB, 

Application No.: (»/724,319 

Filed: November 27, 2000 

For; PREVENTION AND TREATMENT 
OF AMYLOIDOGENIC DISEASE 



Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 223 13-1450 

Sir: 

I, Peter Seubert, state as follows: 

1 . My cnnent position is Vice President, Neurodegenerati ve Research at 
Elan Pharmaceuticals, Inc., the assignee of the above-cs^tioned application. A copy of my 
curriculum vitae is attached. 

2, I understand that Solomon, US Patent No. 5,688,65 1 reports that an 
antibody designated AMY-SS has a putative epitope between residues 25-28 of Ap. I understand 
this putative assignment is based on AMY-33 being raised against a 1-28 fragment of AP, and 
Yankner et al.. Science 250:279-282 (1990) having speculated (hat residues 25-35 of Ap 
mediated toxic effects. The putative epitope 25-28 represents tiie intersection of the fragment 
generating AMY-33 with the 25-35 toxic region hypothesized by Yankner et al. 
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Dedaiation of Peter Scubert Under 37 C.F.R. § 1.131 

Reply to Office Action of May 8, 2007 

3 . I or others acting under my srqpervision have performed the following 
experiment to detennine the epitope specificity of the AMY-33 antibody* We obtained the 
antibody from Zymed Laboratories, Inc (now Invitrogra). 

4. The following peptides were used for analysis. Apl-lOC-temiinally 
biotinylated obtained fiom Mimotopes; Api-16 N-tOTninally biotinylated obtained from 
Anaspec; Ap 13-28 biotinylated thiougji a C-terminal cysteine using Piece's ao weigji 
maleimide PE02-Biotin at a 10 M ratio; and, Ap 1-38 biotinylated using Pierce's NHS PE02 
Biotin at a 5 M ratio following FafrteB!o*s recommended biotinylation protocol Binding was 
detected using a Fortebio's Octet, whicA is a label-free instrument for determining bo& binding 
and kinetics of protein-protein interactioiK. For this experiment, the Fortebio Strepavidin High 
binding FA BIosotsois were loaded with 5 \xgfml of the different biotinylated Ap peptides. The 
sensoiB were then allowed to reach baseline before the association and dissociation and Kd of 
each antibody was determined. Antibodies ww rim at molar concentrations of 1-10 times their 
expected Kd. Various antibodies whose epitope specificity had previously been determined, 
specifically 2H3 (epitope =Ap2-7) and 12A1 1 (epitope -AP3-7). were used as a positives control 
for various n terminal peptides and Ap 1-38: antibody 266 (epitope =Apl6-23) was used es the 
positive control for 13-28 and 6H9(epitope Api9-22) was used as the positive control for 
AP17-28. 

5. The table below shows the measmed affinity of AMY33 for the various 
fragments of AP tested. In brief, AMY33 showed binding to Ap 1-10, 1-16 and 1-38 at 
approximately 100 fold less affinity than the control antibody 12A11 but showed no detectable 
binding to Ap 13-28 and 1 7-28. 



2 . 
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BINDING AFFINITY 






KdAP1-10 


I^Ap 1-16 


l^Api-38 


IQ>AP 13-28 


KbAp 17-28 




AMY 33 


100-300 nM 


100-300 nM 


100-300 nM 


No binding 


No binding 




12A11 


Not done 


1-2 nM 


1-3 nM 


No binding 


No binding 


I 


2H3 


0.6 nM 


0.2 nM 


0.45 nM 


Not done 


Not done 




266 


Not done 


Notdraie 


Not done 


0.15 nM 


Not done 




6H9 


Not done 


Not done 


Not done 


0.6 nM 


Notdfflie 



6. I conclude from the detectable binding to Ap 1-1 0 and lack of detectable 
binding to the Api3-28 fragment tiiat the ^itope bound by AMY-33 does not lie within residues 
13-28 of AP. 



3 
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7. I further declare that all statements made herein of my own knowledge are 
true and that all statements made on mfbrmatton and belief are believed to be true; and fiirther 
that these statements were made with the knowledge that willful false statements and fiie like so 
made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of tfie 
United States Code, and that such willfol felse statements may jeopardize the validity of flie 
application or any patent issuing thereon. 



Re^ectfully submitted. 




Peter Seubert 



Date: 



TOWNSEND and TOWNSEND and CREW LLP 

Two Embarcadero Center, Eighth Floor 

San Francisco, California 94111-3834 

Tel: (650)324-2600 

Fax: (415) 576^0300 

JOL:RLC:sij 

61 173279 vl 
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Curriculum Vitae 
Peter Seubert 
Pagel 

CURRICULUM VITAE 

Peter Seubert, Ph.D 

Home Address 
801 Castro St.. 
San Francisco, CA 94114 

Business Address 
Elan Pharmaceuticals, Inc. 
800 Gateway Boulevard 
South San Francisco, California 94080 



EDUCATION 

1984 Ph.D., Biochemistry, University of California, Davis 

Dissertation Title: Functional studies of ATP sulfurylase from Penicillium 

chrysogenum 

Advisor: Dr. Inwin H. Segel 

1979 B.S., Biochemistry, University of California, Davis 



SCIENTIFIC BACKGROUND 

1989-present Vice President Biology Research, Elan Pharmaceuticals. South San 
Francisco, California. 

Discovery and development of biochemical tests for the diagnosis of 
Alzheimer's disease. Studies of the metabolism and aberrant deposition of 
the amyloid protein and microtubule associated protein tau. 
Characterization of inhibitors of amyloid formation in neuronal culture and 
transgenic mouse model of Alzheimer's disease. Development of vaccine- 
based approach to Alzheimer's disease treatment 

1988-1989 Scientific Consultant, Cortex Pharmaceuticals, Inc., In/ine, California. 

1985-1989 Postdoctoral Fellow and Assistant Researcher. Bonney Center for the 
Neurobiology of Learning and Memory, University of Califomia, Irvine; 
laboratory of Dr. Gary Lynch. Investigation of the role of calcium-activated 
proteases in memorial and pathological neuronal events. Demonstration 
of intracellular proteolysis of brain spectrin coupled to activation of NMDA 
receptors during ischemia and in response to toxins, lesions, and in certain 
hereditary disorders. Biochemical studies of roles of calcium activated 
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proteins (calpain, protein kinase C, calmodulin) In neuronal plasticity and 
degeneration. 

1979-1984 Graduate Student, Department of Biocliemistry and Blopliysics. University 
of California, Davis. Studies of sulfate activating enzymes; ATP sulfurylase 
and adenosine 5 -piiosphosulfate kinase. Initial velocity, product inhibition, 
inhibition by substrate analogs, analysis of reaction progress curves by a 
simplified Integrated rate equation, alternative substrates, and equilibrium 
binding studies used to deduce kinetic mechanisms and ligand binding 
order of the sulfate activating ensymes. 

1978-1979 Undergraduate Student, Department of Biochemistry and Biophysics. 

University of California, Davis; under direction of Dr. \rwin H, Segel. 
Isolation and preliminary characterization of ATP sulfurylase from 
mammalian source and thenmophilic fungus for comparative studies with 
mesophillc fungus enzyme. 



AWARDS AND HONORS 

• National Institute on Aging Postdoctoral Training f=ellowship 1985 

. Jastro-Shields Research Scholarship Awards 1978, 1979, 1982. 1983 

• University of California Regents' Fellowship 1982 

• Earl C, Anthony Fellowship 1981 

• Outstanding Teaching Assistant in Biochemistry Award 1981 
i Henry A. Jastro Scholar in Biochemistry Award 1980 

• Andrew Christensen Scholarship 1979 

• Outstanding Undergraduate Achievement in Biochemistry Citation 1979 

• Graduation with high honors. University of California, Davis 1 979 
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PUBLICATIONS 

1. Fariey, J.R.. Christie, E.A., Seubert. P.A.. and Segel. KH. (1979) 
Adenosinetriphosphate sulfuryiase from Penlcillium chrysogenum: 
Evidence for essential arginlne, histidine and tyrosine residues. J. Biol, 
Chem,. 254:3537-3542. 

2. Seubert, P.A., Grant, P.A., Christie, E,A., Fariey, and Segel, I.H. 
(1980) Kinetic and chemical properties of ATP sulphurylase from 
Penicillium chrysogenum. In: Sulphur In Biology, Ciba Foundation 
Symposium, 72:19-47. 

3. Seubert, P,A., Hoang, L., Renosto, F., and Segel. I.H. (1983) ATP 
sulfuryiase from Penicillium chrysogenum: measurements of the true 
specific activity of an enzyme subject to potent product inhibition and 
reassessment of the kinetic mechanism. Arch, Biochem. Biophys.. 
225:679-691. 

4. Renosto, F., Seubert, P,A.. and Segel, I.H. (1984) Adenosine 5'- 
phosphosutfate kinase forni Penicillium chrysogenum: purification and 
kinetic characterization. J, Biol. Chem,, 259:21 13-2123. 

5. Renosto. F., Seubert, P.A., Knudson, P., and Segel. I.H. (1985) APS 
kinase form Penicillium chrysogenum: dissociation and reassociation of 
subunits as the basis of the reversible heat inactivation. J. Biol. Chem., 
260:1535-1544. 

6. Seubert, P.A.. Renosto, F., Knudson, P., and Segel, I.H. (1985) 
Adenosinetriphosphate sulfuryiase from Penicillium chrysogenum: steady- 
state kinetics of the forward and reverse reractions, alternate substrate 
kinetics, and equilibrium binding studies. Arch. Biochem. Biophys., 
240:509-523. 

7. Segel, I.H.. Renosto, R.. and Seubert, P,A. (1987) The sulfate activating 
enzymes. Methods In Enzymology, 143:333-349, 

8. Seubert, P., Baudry, M., Dudek, S. and Lynch, G. (1987) Calmodulin 
stimulates the degradation of brain spectrin by calpain. Synapse, 1:20-24. 

9. Baudry, M., Seubert, P. and Lynch. G. (1987) A possible second 
messenger system for the production of long-term changes In synapses. 
In: Molecular Mechanisms of Neuronal Responsiveness (Y.H. Ehriich, R.H. 
Lenox, E. Kornecki, W.O. Berry, ed.). Plenum Press, New Yori^ and 
London. 291-311. 
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Perlmutter, L.. Siman, R., Gall, C, Seubert, P., Baudry, M. and Lynch, G. 
(1988) Ultrastructural localization of calcium-activated proteases (caipaln) 
in rat brain. Synapse, 2:79-88. 

Ivy, G.O., Seubert. P., Baudry. M. and Lynch, G. (1988) Presence of brain 
specfrin in derxl rites of mammalian brain: technical factors involved in 
immunocytochemical detection. Synapse, 2:329-333. 

Seubert, P., Ivy. G., Larson. J., Lee. J., Shahi, K.. Baudry, M. and Lynch, 
G. (1988) Lesions of entorhinal cortex produce a calpaih-medlated 
degradation of brain spectrin In dentate gyrus. L Biochemical studies. Brain 
Res.. 459:226-233. 

Ivy, G., Seubert, P,. Limch. G. and Baudry, M. (1988) Lesions of entorhinal 
cortex produce a calpain-mediated degradation of brain spectrin in dentate 
gyrus. II. Anatomical studies. Brain Res., 459:233-241. 

Seubert, P., Larson, J., Oliver, M„ Jung. M.W., Baudry. M. and Lynch, G. 
(1988) Stimulation of NMDA receptors induces proteolysis of spectrin in 
hippocampus- Brain Res., 460:189-195. 

Lynch. G.. Muller, D.. Seubert. P., and Larson, J. (1988) Long-temi 
potentiation: persisting problenis and recent results. Brain Res. Bull., 
21:363-372. 

Lynch. G., Seubert, P. (1989) Links between long-term potentiation and 
neuropathology: an hypothesis involving calcium-activated proteases. 
Annals of the New York Academy of Sciences, VoL 568. in: Calcium. 
Membranes, Aging, and Alzheimer's Disease (Khachaturian, A.S. Cotman, 
C.W., and Pettegrew. J.W., eds.) New York Academy Of Sclneces, NY, 
568:171-180. 

Seubert, P., Nakagawa, Y., Ivy, G,, Vanderklish, P., Lynch, G., and Baudry, 
M. (1989) Intrahippocampal colchicine injection results in spectrin 
proteolysis. Neurosci. 31:195-202. 

Seubert. P., Lee, K., and Lynch. G. (1989) Ischemia triggers NMDA 
receptor-linked cytoskeletal proteolysis in hippocampus. Brain Res., 
492:366-370. • 

Seubert, P., Peterson, C, Vanderidlsh, P., and Lynch, G. (1990) Elevated 
levels of brain spectrin proteolysis in the Brindled mouse. Neurosci, Lett. 
108:303-308. 

Seubert, P. and Lynch, G, (1990) Plasticity to pathology: brain calpains as 
modifiers of synaptic structure. In: Intracellular calcium-dependent 
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proteolysis (R.L. Mellgren and T. Murachi, eds.) CRC Press, Boca Raton, 
251-264. 

21. Sinha, S., Dovey. Seubert, P., Ward, P.J., Blacher. R.W., Blaber, M., 
Bradshaw, R.A., Arid, M.. Mobley, W.C., and Lieberburg, i. (1990) The 
protease inhibitory properties of the Alzheimer' s p-amytoid precursor 
protein. J. Biol. Chem. 265:8983-8985. 

22. Peterson, C, Vanderklish, P., Seubert, P„ Cotman, C. and Lynch, G. 
(1991) Increased spectrin proteoiysis in fibroblasts from aged and 
Alidieimer donors. Neurosci, Lett. 121:239-243. 

23. Schenk. D., Seubert. P., Johnson-Wood. K., Lleberburg, L, (1991) 
Biochemical markers for Alzheimer disease. Bull. Clin. Neurosci. 56:161- 
167. 

24. Seubert, P., Vigo-Pelfrey, C, Esch, F., Lee, M., Dovey, H„ Davis, D., 
Sinha, S., Schlossmacher, M., Whaley, J., Swindlehurst, C. McConnack, 
R., Wolfert, R., Selkoe. D„ Lieberburg. I.. Schenk, D. (1992) Isolation and 
quantitation of soluble Alzheimer's beta-peptide from biological fluids. 
Nature 359:325-327. 

25. Citron, M., Oltersdorf, T,, Haass. C, McConlogue, L., Hung. A.Y., Seubert, 
P.. Vigo-Pelfrey, C, Lleberburg, I., Selkoe. D.J. (1992) Mutation of the 
beta-amyloid precursor protein in familial Alzheimer's disease increases 
beta-protein production. Nature 360:672-674. 

26. Seubert, P., Oltersdorf, T,, Lee, M.G., Barbour. T.. Blomqulst, C, Davis, 
D.L.. Bryant, K., Fritz, L.C., Galasko, D.. Thai L J.. Lieberburg. L, Schenk, 
D.B. (1993) Secretion of beta-amyloid precursor protein cleaved at the 
amino terminus of the beta-amyloid peptide. Nature 361:260-263. 

27. Johnson-Wood, K.L.. Henriksson, T., Seubert, P., Oltersdorf, T.. 
Lieberburg, I., Schenk, D.B. (1994) Identification of secreted beta-amyloid 
precursor binding sites on Intact human fibroblasts. Blochem. Blophys. 
Res. Comm. 200:1685-1695. 

28. Seubert, P., Schenk, D. (1994) Recent advances in Identifying markers of 
Alzheimer's disease. In: Facts and Research in Gerontology, Volume 7, 
(L.J. Fitten, ed.) Serdi, Paris. 31-37. 

29. Knops, J.. Suomensaari, S., Lee, M.. McConlogue, L., Seubert, P., Sinha, 
S. (1995) Cell-type and amyloid precursor protein-type specific inhibitfon of 
amyloid beta release by bafilomycin A1, a selective inhibitor of vacuolar 
ATPases. J. Biol. Chem. 270:2419-2422. 
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30. Vigo-Peffrey, C, Seubert, P.. Barbour. R, Blomquist, C, Lee, M., Lee, D,. 
Coria, F., Chang, L., Miller, B., Lieberburg, L, Schenk, D.. (1995) Elevation 
of microtubule-associated protein tau in the cerebrospinal fluid of patients 
with Alzheimer's disease. Neurology 45:788-793. 

31. Seubert, P., Mawal-Dewan, M., Barbour, R., Jakes. R., Goedert. M., 
Johnson, G.V.. Littersky, J.M., Schenk. D,, Lieberburg, I,, Tro|anowsk!. 
J,Q., Lee, V.M.-Y. (1995) Detection of phpsphorylated SQr262 in fetal tau, 
aduittau and paired helical filament tau. J. Biol Chem. 270:18,917-18.922. 

32. Motter, R,, Vigo-Pelfrey, C, Kholodenko. D., Barbour, R., Johnson-Wood, 
K., Galasko, D., Chang, L.. Miller. B., Clark. C, Green, R.. Olson. D., 
Southwick, P., Wolfert. R., Munroe. B., Lieberburg. I., Seubert, P., Schenk, 
D. (1995) Reduction of beta-amyloid peptide42 In the cerebrospinal fluid of 
patients with Alzheimer's disease. Ann. Neurol. 38:643-648. 

33. Games, D., Adams, D.. Alessandrini, R., Barbour, R., Berthelette, P„ 
Blackwell, D., Carr, T., Clemens. J., Donaldson. T., Gillespie, F., Guide, T.. 
Hagopian. S., Johnson-Wood, K., Khan, K., Lee, M., Leibowitz. P., 
Lieberburg, L, Little. S., Masliah. E,, McConlogue, L., Montoya-Zavala, M., 
Mucke, L., Paganini, L., Penniman, E., Power, M.. Schenk, D.. Seubert, P., 
Snyder, B., Soriano, F., Tan, H„ Vitale, J., Wadsworth, S., Wolozin, B„ 
Zhao, J. (1995) Alzheimer-type neuropathology in transgenic mice 
ovarexpressing V717F beta-amyloid precursor protein. Nature 373:523- 
527, 

34. Haass, C, Lemere, C.A., Capell. A,. Citron, M., Seubert, P., Schenk, D.. 
Lannfelt, L., Selkoe. D.J. (1995) The Swedish mutation causes early-onset 
Alzheimer's disease by p-secretase cleavage within the secretory pathway. 
Nature Med. 1:1291-1296. 

35. Seubert, P., Galasko, D„ Boss, M,A. (1996) Use of CSF-based markers in 
the diagnosis of Alzheimer's disease. In: Phamiacological Treatment of 
Alzheimer's Disease: Molecular and Neurobiological Foundations (J.C. 
Brioni and M.W. Decker, eds.) John Wiley & Sons, Inc., New York, 345- 
366. 

36. Litersky, J.M„ Johnson, G.V.W.. Jakes. R., Goedert, M., Lee, M., Seubert. 
P, (1996) Tau protein is phosphoryfated by cAMP-dependent protein 
kinase and calcium/calmodulln protein kinase J! within its microtubule- 
binding domains at Ser262 and Ser356. Biochem. J. 316:655-660. 

37. Seubert, P. (1996) Commentary: Diagnosing Alzheimer's Disease: Tapping 
into new ideas. Alzheimer's Disease Review 1:84-86. 
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38. Citron, M., Diehl, T.S., Gordon, G., Biere, A.L., Seubert, P., Selkoe, DJ. 
(1996) Evidence that the 42- and 40-aniino acid forms of amyloid fJ protein 
are generated from the (l-amyloid precursor protein by different protease 
activities, Proc. Natl. Acad. Scl. USA. 93:13170-13175. 

39. Schenk, D., Lleberburg, I.. Motter, R.. Seubert, P.. (1996) The effect of 
Apolipoprotein E genotype on biochemical markers of Alzheimer's disease. 
Ann. New York Acad. Sci. 802:92-1 00. 

40 Johnson. G.V.W,. Seubert, P., Cox, T.M., Motter. R.. Brown, J.P.. Galasko, 
D. (1997) The tau protein In human cerebrospinal fluid in Alzheimer's 
disease consists of proteolytlcally derived fragments. J. Neurochem. 
68:430-433. 

40. Citron, M., Westaway, D„ Xia, W., Carlson, G.. Diehl, T., Levesque, G., 
Johnson-Wood, K., Lee, M.. Seubert. P., Davis, A., Kholodenko, D„ 
Motter, R.. Sherrington, R., Penry, B., Yao, H., Stroma, R., Lieberburg, I., 
Rommens, J., Kim, S., Schenk, D.. Fraser. P„ St George Hyslop, P., 
Selkoe, DJ. (1997) Mutant presenillins of Alzheimer's disease increase 
production of 42-resjdue amyloid B-protein in both transfected cells and 
transgenic mice. Nature Med. 3:67-72. 

41. Galasko. D„ Clark, C„ Chang, U. Miller. B.. Green. R.C., Motter, R., 
Seubert, P. (1997) Assessment of cerebrospinal fluid levels of tau protein 
in mildly demented patients with Alzheimer's disease. Neurology 48:632- 
635. 

42. Qiu. W.Q., Ye, Z.. Khotodenko, D., Seubert, P.. Selkoe. DJ. (1997) 
Degradation of amyloid beta-protein by a metalloprotease secreted by 
microglia and otfier neura) and non-neural cells. J. Biol. Chem. 272:6641- 
6646. 

43. Johnson-Wood, K., Lee, M., Motter, R., Hu, K, Gordon, G., BailDour. R., 
Khan, K.. Gordon, M.. Tan, H., Games, D., Lieberburg. (.. Schenk. D., 
Seubert, P.. McConlogue, L. (1997) Amyloid precursor protein processing 
and A(i42 deposition in a transgenic mouse model of Alzheimer's disease. 
Proc. Natl. Acad. Sci. USA. 94:1550-1555 

44. Xia, W., Zhang, J., Kholodenko, D,. Citron, M,, Podlisny, M.B., Teptow, 
D.B.. Haass, C, Seubert. P.. Koo, E.H., Selkoe. DJ. (1997) Enhanced 
production and ollgomerization of the 42-reskiue amyloid fi-protein by 
Chinese hamster ovary cells stably expressing mutant preseniiins. J. Biol. 
Chem. 272:7977-7982. 
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45. Podlisny, M.. Citron. M.. Amarante, P.. Sherrington, R., Xia, W., Zhang,J., 
Diehl. T., Levesque, G.. Fraser, P., Haass,C., Koo, E.H.M., Seubert,P.,St 
George-Hyslop. P., Teplow, D.B.. Selkoe.D.J. (1997) Presenilin proteins 
undergo heterogeneous endoproteotysis between thr291 and ala299 and 
occur as stable N- and C-terminal fragments In normal and Alzheimer brain 
tissue. Neurobiol. Dis. 3:325-337. 

46. Gomez-lsia, T., Wasco, W., Pettingell. W.P., Gurubhagavatula, S„ 
Schmidt, S.D„ Jondro, P.D., McNamara, IVI.. Rodes, L.A., DIBIasi, T„ 
Growden W,B., Seubert, P., Schenk, D., Growden, J.H,. Hyman. BX, 
Tanzi, R.E. (1997) A novel presenilin-1 mutation: increased beta-amyloid 
and neurofibrillary changes. Ann Neurol. 41:809-813. 

47. Galasko,D,, Chang. L.. Motter, R., Clark, CM., Kaye, J.. Knopman, 
D., Thomas, R., Kholodenko, D,. Schenk. D., Lieberburg, L, Miller. B.. 
Green, R., Basherad. R.. Kertiles, L.. Boss, M.A.. Seubert, P. (1998) High 
cerebrospinal fluid tau and low amyloid beta42 levels in the clinical 
diagnosis of Alzheimer disease and relation to apolipoprotein E genotype! 
Arch Neurol. 55:937-945. 
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Abstract 

Monoclonal antibodies raised against the N-tcrminal of Alzheimer's 0-amyloid peptide ((3AP) were fouad to modulate its fibrillar 
aggregation. While niAbs 6C6 and 10D5 inhibit the formation of 0-amyloid fibrils, trigger disaggregatinn and reversal to its non-toxic 
form, mAb 2H3 is devoid ol these propcriics. MAb 2H3 binds ihc sequence DAEFRHD. corresponding lo position 1-7 of the pAP with 

• high affinity (2X 10"^M) similar to its binding with Ihc whole pAP. The EFRH peptide strongly inhibils binding of mAbs 6C6 and 
tOD5 to p AP, whereas ic Inhibits weakly the tnteractton of 2H3 with pAP. Low affinity binding of mAb 2H3 lo EFRH might explain Us 
failure in prevention of p-ai«y!oicI formation. © 1999 Elsevier Science B.V. All rights reserved. 



Keyword.^: Antibodies affinity; EFRH epitope; p-Aniy1oid modulation 



1. Introduction 

Once released by proteolytic cleavage of amyloid pre- 
cursor protein (APP) the p-pcptide may remain in solution 
cither as a random coil or in a a-hclical structure. The 
transition of the a-helix to P-shcet conformation, with 
concomitant peptide aggregation, is a proposed mechanism 
of plaque formation in Alzheimer's disease (Katzman, 
1986; Muller-Hill and Beyreuter» 1989; Selkoe, 1991; 
Ashall and Goatc, 1994; Cruz cl al., 1997). 

The existence of sequences thai are kineticaliy involved 
in the folding process has previously been suggested in 
other systems and has been demonstrated by in vitro 
dcnaturation-renaturation experiments (Silen and Agard, 
1989). Such sequences, which may play a role in the 
folding pathway, suggest the possibility that they serve not 
only for the folding process but also may contribute to the 
conforn^ational stabilization. Monoclonal antibodies 
(mAbs) which are able to stabilize the confortnation of an 
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antigen against incorrect foMing may also recognize an 
incompletely folded epitope and induce native conforma- 
tion in a partially unfolded protein (Blond and Goldberg* 
1987; Solomon and Schwartz, !995). Appropriate mAbs 
may interact at such strategic sites where protein unfolding 
is initiated, thereby stabilizing the protein and preventing 
further precipitation (Solomon and Balass, 1991; Katzav- 
Gozansky et al., 1996). Recent .studies of p-amyioid fibrils 
assembled from the synthetic peptide (pAP) showed that 
niAbs 6C6 and 10D3 raised against the N-lerminal region 
of the pAP (residues 1-28) can disaggregate pA fibrils, 
restore pAP solubility and prevent neurotoxic effects on 
PC12 cells (Solomon cl al., 1997). The N-terminal epitope 
of mAb 6C6 and mAb 10D5 within a pAP molecule was 
found to be a sequential epitope composed of only four 
amino acid residues (EFRH) located at positions 3-6 of 
pAP (Frenkel et al.» 1998). 

The fact that these two mAbs bind with pAP, cither 
when in solution or in an aggregated form, suggests that 
the N-terininal EFRH epitope is available for the mAbs in 
both conformations. The inability of mAb 2H3, raised 
against the N-terminal region 1-12, lo modulate fibril 
aggregation as; the above antibodies might be related to 
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different epitope locations or to selective conloniiaiional 
recognition of I he peptide. 

In order to identify the epitope of mAb 2H3 we em- 
ployed conibinatoria! phage display peptide libraries. The 
constniction and application of several epitope libraries, in 
which different random peptides, the size of 15, 12 or 6 
amino acid residues, ore expressed on the surface of 
filamentous phage, has been described (Scott and Smith. 
1990; Balass et al.. 1993). Identification of the epitope of 
mAb 2H3, which cannot affect p-amyioid formation de- 
spite the fact that il binds lo the N-ierminal of p-amyloid 
peptide, may shed light on the importance of specific 
sequence region, defined as ami -aggregating epitope, on 
the behavior of the whole pAP molecule. 



2. Materials and methods 

Synthetic PAP (1-40) was obtained from k-Biological 
(Rancho Cucamonga, CA, USA). The peptides used were 
analyzed routinely on HPLC column CI 8 (Merck, Ger- 
many), using a gradient of solvent A:O.I% frifluoroacetic 
acid in water, and solvenl:0.l% trifluoroaceiic acid in 
acetonitrile (70%), water (30%). A linear gradient of 0.1% 
B to 100% A at room temperature was employed regularly. 
Purity of the peptides used exceeded 90%. 

Monoclonal antibodies, 6C6 and I0D5, raised against 
soluble fragment of position 1-28 of PAP, and mAb 2H3 
raised again-st a synthetic peptide corresponding to the 
1-12 fragment of PAP, were kindly provided by Dr. D. 
Schenk, Athena Neurosciences (San Francisco, CA, USA) 
and were used as selectors for the screening of phage- 
peptide libraries. These mAbs have been extensively char- 
acterized (Hyman el aK. 1992; Seubcrt et al., 1992; Games 
ct al., 1995) for their specificity for pAP fragments. The 
unrelated anti-acetylcholine n>Ab 5.5 was used as control 
(Balass et al., 1993). 



2. /. Thioflavine T fluorimetric test 

Aggregation of P-amyloid peptide PAP (1-40) was 
measured by tlie thioflavine (ThT) binding assay, in which 
the fluorescence intensity reflects the degree of P-amylotd 
fibrillar aggregation. ThT characlerislicaUy stains amyloid- 
like deposits (Levitte, 1993) and exhibits enhanced fluores- 
cence emission of 485 ntii and a new excitation peak of 
435 nm when added to the suspension of aggregated 
P-shcet preparations. Aqueous solutions of PAP 0.12 mM 
(in O.l M Tris/HCJ pH 7.!) were incubated with mAbs in 
a ratio of 40:1 (favored lo pAP) at 37°C for 1 week. The 
fluorescence was measured after addition of 1 ml of ThT 
to the mixture (2 \\M in 50 mM Glycine pH 9) using 
speclrofluorimeter (LSB-50 Perkin Elmer, UK), at the 
above mentioned wave-lengths. 



2.2. Antibody binding to ^-amyloid peptide 

Binding of antibodies to PAP was analyzed by ELISA. 
as described previously (Solomon ct al., 1993, 1996). To 
(he wells of microliter plates coated with Eupergit C 
containing epoxy groups (Rohm. Germany) was added 50 
p,l PAP (at concentration of 5 ng/jil in KPi, pH 7.5) and 
incubated overnight ssX 4^C. Coated plates were washed 
three times with PBS/0.05% Twccn 20 and then were 
blocked with a mixture of 3% bovine serum albumin and 
hemoglobin at a ratio of ! : 1 (in PBS) for 2 h at 37''C. After 
washing, the studied antibody was added (1 p,g/ml or as 
otherwise specified) and allowed to bind to the coated 
plate overnight at 4''C. An alkaline pbo$phatase*<:onjug;ated 
rabbit anti-mouse immunoglobulin (BioMakor, Rehovot, 
Israel), diluted at 1:2000, was added to each well and left 
for I h at room temperature. The bound antibody was 
monitored by the enzymatic activity of alkaline phos- 
phatase, with /^-nitrophenylphosphate used as a substrate. 
The color developed was determined spectrophotometri- 
catly at 405 nm using an BUS A inicrotiter plate reader 
and the constant binding was measured at half maximum 
binding point. 

2.3. Epitope iibraries 

The 6-mer phage-peptide library used in this study was 
provided by George P. Sn^i th {University of Missouri, 
Columbia, MO). The l5-mer phage-peptide library was 
provided by J.J. Delvin and was constructed by use of the 
phage MI3-derived vector M13LP67, as previously de- 
scribed (Devlin ct al, 1990; Scott and Smith, 1990). The 
phage display peptide library Ph.D-I2 was purchased from 
New England Biolabs (USA). The library consists of 

1.9 X 10' phage particles (cicctrop orated sequences and 
comprises a random peptide repertoire of 12 amino acid 
residues fused to protein III of the Ml 3 phage). Experi- 
ments With (his libmry were carried out according to 
instructions of the manufacturer. 

2.4. Biotinyfation of antibodies 

For antibody biotinylation, 100 fjug of each antibody in 
0.1 M NaHCO^, pH 8.6, was incubated for 2 h at rooiii 
temperature with 5 p.g of biotinamidocoproate Mhydroxy- 
succinimide ester (Sigma, B 2643) from a stock solution of 
1 mg/ml in dimethylformamidc and dialyzed at4''C against 
phosphate-buffered saline (PBS; 0.14 M NaCl/O.OI M 
phosphate buffer, pH 7.4) overnight. 

2.5. Isolation of pfuzge presenting epitopes from peptide 
library 

A library sample containing 3.8 X lO' infection phage 
panicles was subjected to three rounds of selection (bio- 
panning) and amplification. For each selection cycle a 
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bioUnylated monoclonal antibody (1 fi,fi/|jLl) in a lotal 
' volume of 25 \i\ was wsed. The phage clones were prcin- 
cubated wi(h the biotinyiarcd antibody overnight at 4**C, 
arid the reaction mixtures were then layered in I ml of 
PBS coniaining 0.5% Tween 20 on sireptavidin-coated 30 
mm polystyrene Petri dishes and incubated for 20 min al 
room temperature. Unbound phages were removed by 
extensive washing (10 times for 10 min each) in 
PBS/0.05% Twccn 20. The bound phage was eluted with 
0.3 ml of O.l M HCI titrated to pH 2.2 with glycine. The 
eluate was neutralized and used to infect Escherichia coU 
K91 cells. After three rounds of panning individual bacte- 
rial colonies containing amplified particles were grown on 
a microliter plate and the selected phages were tested by 
ELISA for their ability to bind to the studied antibody, as 
described below. 

2.6. Antibody binding to isolated phage 

Binding of antibodies to phage was analyzed by ELISA. 
Wells of microti ter plates (Maxisorb, Nunc) were coated 
with 50 p.1 (at dilution of 1:1000 in 0.1 M NaHCO^ pH 
8.6) of rabbit anii-phage serum and incubated overnight ai 
4''C. The wells were blocked with a mixture of 3% bovine 
scrum albumin and hemoglobin at the ratio of I :I {in PBS) 
for 2 li at 'iTC. Coated plates were washed three times 
with PBS/0.05% Twccn 20, and 50 p.1 of enriched phage 
clones containing 10'** phage particles were added to the 
wells and incubated for I h at 37**C. After washing, the 
studied antibody was added (1 |xg/ml or as otherwise 
specified) and allowed !o bind to the coated plate overnight 
at 4*'C and the binding constant was measured, as de- 
scribed befote. Positive phage clones were propagated and 
their DNA were sequenced in the insert region at tlie 
Sequencing Unit of ihe Wcizmann Institute of Science 
(Rehovoth. Israel) by using Applied Biosystcm Kh (United 
States* Applied Biosystcm). 

2.7. Inhibition of antibody binding to fi-amyloid peptide 

The inhibition of antibody binding to 3AP by various 
small peptides was performed using 250 ng/well 3- 
amyloid peptides (1-40) bound covalenily for 16 h at 4*C 
to ELISA plates that were previously coated with Euper- 
gil-C containing epoxy groups (Rohm, GermanyX The 
plates were washed with PBS/0.05% Tween 20 and 
blocked with a mixture of 3% bovine serum albumin and 
hemoglobin, ratio 1:1 (in PBS) for 2 h at SV^'C. The 
peptides were pre incubated with each antibody for 30 min 
at 37°C before their addition to (JAP-coated wells and left 
overnight at 4°C. After washing, bound antibody was 
detected by incubation with alkaline phosphatase-con- 
jugated rabbit aiiti-mouse immunoglobulin, as described 
above. The results were measured in IC50, which is the 
half molar concentration of peptide that fully inhibits 
antibody binding. 



2,8, Peptides synthesis 

Peptides were synthesized by Applied Biosystems Syn- 
ergy Model 430A in the Unit for Chemical Services of The 
Weimann Institute of Science by solid-pha.se using Fmoc 
chemistry. 



3« Results 

3,L Binding ofinAb 2H3 to p-amyloid peptide in compari- 
son to mAhs 6C6 and WD5 

The apparent binding constant of the studied mAbs to 
pAP were measured by. BLISA test, as described, and 
were found to be of the same order of magnitude, 10^ 
M"' (data not shown). 

3,2. MAb 2H3 does not interfere with the formation of 
^-amyloid 

The fibrillar p-amyloid fonrtation was quantitated by 

ThT fluoromelry binding assay (L^vine. 1993), Aliquots of 
PAP in the absence and/or presence of different mAbs 
were incubated for a week at 37''C. The ratio of mAb/P AP, 
1:40, was found to give maxi?T)um quenching of the TliT 
fluorescence. 

Fig. I shows tiiat mAb 2H3, at molar ratio PAP/mAb 
40:1, did not interfere with fibril aggregation and behaved 
similarly as the unrelated antibody used as controL MAbs . 
6C6 and 10D5, at the same PAP/mAb molar ratio, di.s- 
rupted the fibril structure of P-amyloid with extensive 
deterioration of fibril morphology, as indicated by a sub- 
stantial decrease in ThT fluorescence, 

J.J. Binding of tnAb 2H3 to EFRH-displayed phage 

In order to detect whether mAb 2H3 recognizes the 
EFRH epitope of mAbs 6C6 and 10D5 we used a phage 




BAP* 

10D« 



BAP* BAP+ 

2m $j6 



Fig. I. Iiucrfcfcnce of niAbs 6C6, lOOS and 2H3 whh fibrillar p«amyloki 
fonnalion. Estimation of the nuoresccna* of ThT, which ccjrrclalcs to the 
amount of nbritlar ^-amyloid fontK:r1 afir.r incobaiion for a week at 37*'C 
in the presence of niAbs 6C6. tOD5 and 2H3 and unrqtaced mAb (\nAh 
5.5 raued Agalnsi acthylchoiinc reci:p(oi-) at nwbr ration 40:1 §AP/ntAb 
uaing ThT xijsay« as described. 
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that bears (he hexapepUdc YYEFRH. Surprisingly. mAb 
' 2H3 binds to ttic YYEFRH phage similarly as mAbs 6C6 
and !0D5 (Fig. 2). 

3.4. Search for epitope of inAb 2H3 using phage peptide 
libraries 

To identify the epitope of inAb 2H3 within PAP, we 
screened the S-mtr, 12-nncr and 15-mcr phage-peptide 
libraries with the biotinylated antibody. In experiments 
with 6- nnc! 15-mer librnries and biopanning, 90 individual 
bacterial colonics were isolated following three cycles of 
biopanning. Each of the isolated colonies was grown in 
. microtiter plates and their phage particles assayed for 
antibody binding. ELiSA analysis revealed that most of the 
clones bound specifically to inAb 2H3. Tlie DNA of 46 
positive clones (25 positive clones from the 6-mer peptide 
library and 19 from the 15-nier peptide library) were 
sequenced, and (he deduced peptide sequences are shown 
in Table 1. The sequence EFRH appeared in 12 clones, 
one 'additional clone had sequence EDRH wicti only one 
residue replacement of aspartic acid with phenylalanine. 
The consensus sequence for mAb 2H3 selected from a 
Ph.D-12 mer-pcptide library (see Table 2) revealed the 
epitope, consisting of the following sequence BFRHD 
corresponding to the N tcrminal region of P-amyloid pep- 
tide at position 3-7. 

.?,5. Competition between fiAP and various synthetic pep- 
tides for antibody binding 

The interaction of mAb 2H3 with PAP was further 
assayed by competitive inhibition experiments. Fig. 3 
shows lhat the syndietic peptide EFRH, which bears the 
epitope of mAbs 6C6 and I CDS. inhibit.^ binding of mAb 
2H3 to PAP with an ICj^, value of only 3x 10"^ M. 
while (he synthetic peptide EPRHD, whicli was implied by 
the pliage-epitope library, inhibits binding of mAb 2H3 lo 
pAP with an \C^^ value of 2 X 10^*^ M. In order lo clarify 
whether EFRHD is the whole epitope of mAb 2H3 within 
PAP, we synthesized peptides derived from PAP (that 
include the sequence EFRHD) such as: AEFRHD (residues 



Tttblc I 

Sequences of pcpiidc-prcscniing phage selct:tc<l by inAb 2H3 




Fig. 2. Binding of raAbs 6C6. I0D5 mid 2H3 to YYEFRH-pIiagc. 
Unrelated inAb 5.^ raided again.5t accihylcoltnc neocpior was used s& 
control. Antibodies wen» added lo the phagu-coaied wells and binding 
was onulyzcd by ELISA, a^ described. 



Sequence 


No. of phage 


A YYEFRH 


5 


FTEFRH 


5 


FNEFRH 


1 


£FDHAG 


1 


CAWPDLLEm^HSFGR 


t 


efdhag 




B l-FRHFN 


J 


PLFKHN 


1 


LFRHGN 


I 


LFRHSVFPGSRGWCC 


1 


gslfrhsqllpavlr 


1 


SARPSESSLFRHELG 


2 


LFRHGN 


1 


GYFRHN 


J 


PYFRHf 


I 


WDSTTGIRIFYFRH 


1 


HDVDYFRUPPEVSLL 


\ 


PA FAFGSLALS FFRH 




PSHRLSSRIFFRHSF 


2 


FFRPER 


1 


ACSOPFraPERMRVD 


2 


NIWFRH 


3 


PLDFRH 


1 


NIGFRH 


1 


PLDFRH 


I 


GAADFPFRHGRAVT 


1 


C HHLFXLOLKWRVRHTV 


5 


VIWARHDLLFPYDNM 


2 


QKVWLIGYGRHDRLF 




LFDRHl) 


1 


FHSIPVMRTSWFRH1> 


I 


PMFRUD 


I 


3.Aniytoid U9; DAEFRHDSG. 




at position 2-7), DAEFRHD (residues at position 1-7), 


DAEFRHDSG (residues at position 1-9), and PAP itself 


(residues at position 1-40). As shown in Fig. 3, the 


synthetic |>eptide DAEFRHD corresponding to position 


1-7 inhibits binding of mAb 2H3 lo the PAP with an IQ^y 


value of about 2X10"^ M, similar to PAP 1-40. Fig. 3 


and Table 3 show the importance of aspartic acid (D) at 


Table 2 




£pi(op«!.s Tor mAb 2H3 A:lec(ed from Ph.D 12-nier pepddc Ubmry 


Sequence 


No. of phnge 


DDLFRHMPQTLJV 


2 


HHTNDSYFRIITP 


1 


NPQHREFRHYVY 


t 


TTLSEFRHQWTP 




SYTEFRHNILPM 


1 


HEKRHYDAKVTW 


1 


SEFRHDLNVPPA 


1 



p-Amyloid I>>t2; DAKFRHDSGVEV. 
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Figp 3. Inhibition of niAb 2H3 or mAb 6C6 or inAb 10D5 binding (O 
PAP by the synihctLc peptide EFRM. The ass.ty was done using t itg/nil 
of each mAh per PAP-conlcd well and increascxl conccntraCions of 
peptide, as previously described. 



position 1 of pAP, which added three orders of magnitude 
to a value of EFRHD, which was in^plicd by the 
phage-peptide library alone (2 X J0~^ M) and five orders 
of magnitude to the IC^^, value of synthetic peptide EFRH 
(3 X 10-^ MX as shown in Fig. 4. The peptide DAEFRH 
inhibited mAb 2H3 binding to pAP with an IC^t^ value of 
only 2 X 10"^ M, indicating the importance of aspartic 
acid (D) in position 7 of the epitope of mAb 2H3 within 
the pAP (Table 2). Comparison between the IC^jj value of 
the peptide AEFRHD (5 X 10"*^ M) and the \c\^^ value of 
the peptide EFRHD (2 X I0~* M) suggested that amino 
acid alanine is not vital to the epitope of mAb 2H3. These 
data and the data listed in Table 2 indicate tliat the epitope 
of inAb 2H3 within the PAP molecule DX EFRHP is an 
epitope composed of seven amino acid residues corre- 
sponding to positions 1-7 in the PAP, 

3.6. Comparison between the affinity binding of mAbs 
6C6 and WD5 to the synthetic peptide EFRH 

In order to learn the difference between the epitopes of 
the three mAbs we used a scries of synthetic peptides 



Table 3 

Inhibtiion of iiiAbs 2H3. 6C6 and I0D5 Wnding to pAP (IC5,,) value by 
peptides corresponding to the N-tcrminu.s of pAP in()iccuic 



Peptide 



ntAb2H3 



mAb 6C6 



inAb I0D5 



EPRH (3-6) 
DAEFRH (I -6) 
EFRHD (4^7) 
AEFRHD (2-7) 
DAEFRHD(I-7) 
DAEFRHDSG(l-9) 
PAP (1-40) 
DADMHYDSG" 



3.0X10-* M 
2.0XI0-' M 
2.0X lO-*^ M 
5.(JX lO-*^ M 
2.0 X IQ-'^ M 
2.0 X 10 M 
3.0Xt0-'^ M 



l.OX 10"' M 
6.0X 10"^ M 
5.0X 10"^ M 
7.0X 10^' M 
2.0X 10-' M 
4.0X I0-' M 
4.0XI0-' M 



3.4 X 10"** M 
1,5X10*-' M 
1.5X 10"^ M 
8.0X 10"^ M 
1.5X 10-' M 
7.8XI0-' M 
4.2XI0"'M 
Nd'' 



'Control peptide corresponding to position.s 1-9 in 3AP where four 
subslitultons' represented by boJ<l underlined print wurc cnrried out. 
''IC,,, value of less than 10'' M which cannoi be detected by ELISA 
assay. 




(P«pttdcl, |tM 



Fig. 4. Inhibition of mAb 2H3 binding !o {SAP by the synthetic peptides 
derived from N-terininnI 1 -12 of 0-aniylotd peptide. 7*he nssay was done 
aji described with 1 tig/tnl of each mAb per pAP-coaled welt and 
increased concentrations of each peptirle. The peptide WVLD was used as 

a control. <- a -X - O - EFRH: - X ~, AEFRH; - + EFRHD; , 

DAEFRH; - ■ DAGFRHD. 



containing the EFRH core as competitors in the binding of 
each mAb to the PAP. While EFRH inhibits the bitiding of 
niAbs 6C6 and 10D5 to pAF with an IC^q value of about 
10^' M, it inhibits mAb 2H3 with an IC^ value of only 
about 10"^ M (Fig. 4). Table 3 shows that the synthetic 
peptide DAEFRHD inhibits the binding of mAbs 6C6 and 
I0D5 to the PAP with an value of about 10"' M 
(like ihe peptide EFRH), buf it strongly inhibits the bind- 
ing of mAb 2H3 to the PAP with an IC^, value of about 
I0-' M. 



4, Discussion 

Recent studies showed that site-directed mAbs towards 
the N-terminat region of the p -amyloid peptide can bind to 
p-amyloid fibrils, leading to their disaggregation and inhi- 
bition of their neurotoxic effect (Solomon et aL, J 996). 
The involvement of the N-tcrminal region in the conforma- 
tional transformations of PAP was previously confmned 
by a number of authors in studies using synthetic peptides 
bearing the pAP sequence in various experimental condi- 
tions (Lorenzo and Yankner, 1994; Howlctt et al., 1995; 
Kirshcnbaum and Daggett, 1995, Lee et al., J995; Soto et 
al.» 1995). It was found that the amino acid residues 1-9 
contribute mainly to the solubility of pAP as they were 
assumed to be located at the filament surface, mediating 
interactions between individual filaments. Tn vivo, this 
amino acid residue region could also be involved in the 
binding of other proteins that aic found in amyloid de- 
posits. . 

As shown previously, the tinmunocomplex of pAP wiOi 
the selected mAbs can prevent p-amyloid peptide aggrega- 
tion (Solomon et al., 1996). In an earlier report (Prenkcl et 
al.» 1998) we defined the N-terminal anti-aggregation epi- 
tope of mAbs 6C6 and I0D5 as a sequential epitope 
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composed of only four iiiniiio acid residues (EFRH) lo- 
I catcd at position 3-6 within pAP. The localization of this 
epitope may lead to the assumption that every inAb that 
binds to the same epitope within the PAP has the capabil- 
ity to interfere with p-amyloid formation. However, mAb 
2H3, raised against a peptide containing the first 1-12 
residues of the p AP, which also recognizes EFRH, showed 
a considerably lower effect on the prevention of in vitro 
p-amyloid formal ion and on the disruption of the p -amyloid 
already formed (Hanan- Aharon and Solomon, 1996), In 
this connection, it is pertinent to note that in spite of the 
incapability of 2H3 to modulate PAP aggregation it binds 
strongly to the phage bearing the hexapeptidc YYEFRH 
which displays the epitope EFRH of mAb 6C6 and 10D5 
(Fig. 2). 

Using three different types of phage-peptide libraries 
displaying 6-nier, l2-mci or I5-mer (Devlin et al., 1990; 
Scott. 1992) wc identified four types of consensus se- 
quences that bind io mAb 2H3, among them EFRH* FRH, 
FRHD» RHD (Table 1) and EFRHD (Table 2). The EFRH 
peptide, which consists of the epitope of mAbs 6C6 and 
I0D5, inhibits binding of 2H3 to PAP with a lower 
affinity of IO"** M (Fig. !^) emphasizing that this sequence 
does not represent the whole epitope of mAb 2H3. The 
synthetic peptides corresponding to positions 1—7 and 
1-40 PAP inhibit binding of mAb 2H3 to PAP with the 
same value of IC^r, of about 10'*^ M (Table 3). These 
peptides clearly define the sequence of DAEFRHD. corre- 
sponding to position 1-7 of (he pAP, as the epitope that 
contains all the elements necessary for maximum binding 
of mAb 2H3 to the pAP molecule. Comparison between 
the IC30 value of peptide AEFRHD (5 X 10"^ M) to the 
ICjo value of peptide EFRHD (2 X 10"^' M) shows that in 
the epitope of mAb 2H3 the amino acid alanine in position 
2 within PAP is not essential, and the real epitope is the 
sequential epitope DX EFRHD (Tables 2 and 3). 

These data revealed that even though the epitope of 
mAbs 6C6 and 10D5 (EFRH) represents partly the epitope 
of mAb 2H3 (DXEFRHD) the latter is devoid nf the 
capability to interfere with the fibril formation of P- 
amyloid. We assume that the EFRH epitope is involved in 
modulation of the aggregation process, and acts as a 
regulatory site controlling both tlic solubilization and the 
disaggregation process of ihe PAP molecule. We found 
that while EFRH strongly tnltibits binding of mAbs 6C6 
and I0D5 to pAP (10"' M), it weakly inhibits binding of 
mAb 2H3 to pAP (I0~^ M), Binding of mAbs with a high 
affinity to this EFRH region prevents aggregation of the 
PAP while mAbs showing a low affinity to this epitope 
did not prevent aggregaiian. 

The tendency of PAP to adopt different conformations, 
such as soluble a-helix and/or P-shect, involves the 
N*terminal of the peptide. Therefore^ while mAbs 6C6 and 
I0D5 bind to epitope EFRH when the P-amy)oid peptide 
is either in solution or in an aggregate form, mAb 2H3 



.seems lo bind to the sequential epitope DXEFRHD, which 
might be available only in soluble conformation of pAP. 

Wc can conclude that the failure of mAb 2H3 to 
prevent aggregation is attributed to the low binding con- 
slant of this mAb with the EFRH sequence of pAP, Wc 
further assume that the epitope EFRH, which is located at 
the soluble tail of the N-lerminal region, is involved in the 
aggregation process and acts as a regulatory site control- 
ling both the solubilization and the disaggregation process 
of the A p molecule. The cxperitiiental findings with mAb 
2H3 show clearly that the epitope of this antibody DXE- 
FRHD is larger than that of mAbs 6C6 and 10D5 that 
recognize a part of this epitope^ EFRH. Aggregation of 
pAP leads to a confontiation change in the epitope of 2H3, 
with concomitant hiding of the essential residues charac- 
terizing the ^itope of this antibody. Future structural work 
using X-ray and crystallograpiiy can einphasizc the impor- 
tance of these residues as well as the corresponding critical 
residues in the variable region of those mAbs involved in 
anlibody.antigen immunocomplcx. This study can provide 
the foundation for potential therapeutic approaches tar- 
geted at fibrillar p-amyloid accumulation in Alzheimer 
disease. 

There are several conformational diseases where the 
normal production of a soluble protein is affected by 
various factors which lead to timyloid formation (Stritt- 
matter ct at., 1996; Dalai et al., 1997; Lomas and Carrell, 
1997). Finding their 'aggregation epitope* and pt^aration 
of antibodies against this region may modulate and prevent 
their aggregation. 
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Aioyloid-^ peptide (Ap) conaists of a hydrophobic C- 
terminal domain (residues 29-42) that adopts /3-strand 
confonnaUon and an N-terminal domain (amino acids 
10-24) whose sequence permits the existence of a dy« 
namic equilibriiun between an a-helix and a ^-strand. In 
this paper we analysed the e£Fe<^ of the alternate N- 
terminal conformations on amyloid fibril formation 
through the study of the analogous peptides contain- 
ing single amino acidir. substitutions. The single muta* 
tion of valine 18 to alanine induces a significant lucre* 
ment of the o-helical content of A^, determined by 
Fourier transform infrared spectroscopy and circular 
dichrofsm and dramatjcalty diminishes fSbriUogenesis, 
measured by turbidity, thioflavine T bindings Congo red 
staining, and electron microscopic examination. In he- 
reditaiy Ihitch cerebral hemorrhage with amyloidosis 
(a variant of Alzheimei-'s disease)^ the substitution of 
gltttamine for glutamic add at position 22 decreased the 
propensity of the Ap N-terminal domain to adopt an 
cr-hellcal structure! with a concomitant Increase in amy- 
loid formation. We propose that A^ exists in an equilib- 
rium between two species: one ''able'^ and another "un- 
able" to form amyloid, depending on the secondary 
structure adopted by the N-terminal domain. Thus, ma- 
nipulation of the Ap secondary structure with therapeu- 
tical compounds that promote the tt-helxcal conforma- 
tion may provides a tool to control the amyloid 
deposition observed in Alzheimer's disease patients. 



Alzheimer^s disease (AD)* is the mogt common form of de- 
mentia in adults. AD is characterized neuropathologically by 
amyloid deposition in the form of neuritic plaques and congo- 
philxc angiopathy as well as by the formation of neurofibrillary 
tangles (1). The main component of amyloid is the 4.3-kDa 
amyloid ^-peptide (A^), which is part of a much longer precur- 
sor protein (APP) codified in chromosome 21 (2). 

Amino acid sequence analyses of the A^ peptide by the 
Chou-Pasman (3) and Gamicr-Osguthorpe-Robson <4) methods 
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indicate that the probability of finding /3-8trand conformation 
in A/3 IB high within the C-terminal region after residue 28. The 
region between amino acids 10 and 24 presents a high and 
similar probability to display a-helix or /3-strand conformation 
(5). There are also two probable /3-tum,s between residues 6 and 
8 and between residues 24 and 29. Using synthetic peptides 
and fipectroscopic techniques, the secondary structure assign- 
meats obtained by predictive methods have been confirmed 
(6-9). 

While the hydrophobic segment in the C-terminal domain of 
Ap invariably adopts a ^-strand structure in aqueous solutions, 
independently of pH or temperature conditiooe, the N-terminal 
domain can show different Gonformations and solubilities de- 
pending on environmental conditions (8-10). In fact, the N- 
terminal domain exists as a soluble monomsric a-helical struc- 
ture at pH l-'4 and pH greater than 7. However, at pH 4-7 it 
rapidly precipitates into an oHgontoric /3-sheet structure. Fur- 
thermore, it adopts an or-heJical conformation in a membrane- 
mimicking solvent that promotes intramolcculai* hydrogen 
bonding (8). Thus, A0 exists in two alternative conformations 
depending on the secondary structure adopted by the N-termi- 
nal domain. These alternative conformatiDns have diiferent 
solubility properties and may determine changes in the rate of 
amyloid fibril formation. We had h^'pothetized that the struc- 
ture adopted by the N-terminal domain of A^ is important in 
amyloid fibril formation (5). In the present work we have eval- 
uated this possibility by analyzing the ability of sequences 
containing single mutations in its N-terminal domain to form 
amyloid fibrils. Specifically we studied amyloid formation us- 
ing peptides containing the mutation of valine to alanine at 
residue 18, and glutamic acid to glutamine at position 22 
(Ihitch variant of AJ3X 

EXPERIMENTAL PROCEDUHES 

Predicted Secondary Structure — The tt-hcUx, p-aheet, and 0-tum 
propensities for different sequences of Ap peptide were calailated by 
the Chou and Fasman secondary structure prediction algorithm (3), 
using the prt^ram Protylze version 3.01 from Copyright 

Peptide Syntkedi.t and Characterization, — 1^-agment 1-40 of the A^ 
wild-type peptide fSP40) was obtained froni Sigma. Peptide 1-40, con- 
taining a valine to alanine mutation in position 18 (SP40A>. was syn- 
thesized by Chiron Corp. Inc. Emeryville, CA. The Dutch variant of A/3 
fSP40Q) was synthesized by using solid-phanc techniques at the Center 
for the Analysis aad Sjynthesis of MacromoJecules, State University of 
New York, Stony Brook, NY. All peptides were purified by reverse- 
phase high performance liquid chromatography, and their purity was 
evaluated by amino add sequence analysis. 

Preparation of the Peptide Sow/rfe*— Stock solutions of the peptides 
were prepared by dissolving them in 50% acetonitrile. The concentra- 
tion of the stock solution was deUrmined by amino acid composition 
analysis on a Waters Pico-Tog amino acid anolyrer, after hydrolyring 
the samples under reduced prssaure in tho presence of 6 M HCl for 20 h 
at 110 "C. Next, peptide aUquots were lyophilyzcd and resuspended in 
the buffer used in the aggregation or amyloid detection ass^. 

Fouritr Transform infrnred Spectroscopy— TR spectra were collected 
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in a Parkin-Elzner System 2000 FT-IR operated at 2 cm"* reaohition. 
The peptide eolutionB (20 mgM) were prepared in 25 mw HEPES dift- 
olved in HgO, pD 7.5. Electrode reading were uncorrected for deTJteriiun 
effecta. Sample aliqxrtta (20 ^J^) were placed in demountable ccHb con- 
taining CaFg windows separated by SO-ftm Teflon ^pacers. The triflu- 
oroacetie add (used in high performance liquid chromatography puri- 
fication of the peptides) was removed as described by Frescr et al. (1 1). 

Circular Dichroiom Measurements. — CD spectra were obtained with Q 
Jasco apectropolarimeter, model J-720 at room temparatare in a 0.1-cm 
path-length cell. Double distilled and doioniicd water and TFE (spec- 
troscopy grade) were used as solvents. Spectra were recorded at I-nm 
intervals over tha wavelength range 180 to 260 nm. Results are ex* 
pressed In terma of molar elUpticity {9) m units of degrees cm^ dmoP^. 
All the spectra were obtained by subtracting buffer baae-line spectra 
end smoothed by using the algorithm provided by Jasco. The approxi- 
mate percent of or-helical content was determined using the 208 
nm absorption (12) according to the following equation: % er-hslix 
Cf^3»os - 4000/-33000 - 4000) X 100. 

Aggr^ation SfiM^ies— LtyophiIi2ed eliquots of the peptides were re- 
suspended in 0.1 M sodium acetate, pH 5.0. At various times, the 
aggregation was detected via turbidity measurements at 406 nm as 
described previously by Jarrott et al. (13), 

Amyloid Detection in Suspension — Amyloid quantiflcation in suspen- 
sion was performed by the thioflavine T method (14, 15), with a few 
modiGcations. In short, 1.5 mm thioflavine T (ThT) in a bulTer of 50 niM 
glycine, pH 9.5. was added to peptide aliquots jjreviausJIy incubated in 
0.1 M Tris-Ha, pH 7.5. Immediately thereafter, the fluorescence was 
monitored at excitation 435 nm and emission 490 nm on a Hitachi 200 
spectronuorometer. A time scan of fluorescence was performed, and 
three values after the decay reached a plateau (280. 290, and 300 s) 
wore averaged after subtracting the background fluorescence of 1,5 
ThT. The mean :t standard deviation for three separated experiments 
made in dnplicated is shown in Figs. 2B and <B. 

Congo Red Staining^AmyUnd detection by Congo red waa performed 
as described previously (16). 

Electron Microscopy — For fibril formation, the peptides (i-2 mg/ml) 
were incubated in phosphate-buffered saline for 5 days at room tem- 
perature. The dOO-mesh Formvar-coated nickel grids were floated on 
the peptide solutions, air-dried, and negatively stained with uranyl 
acetate. The spedmens were viewed with a Philips EM-300 elsetron 
microscope at 100 kV, 

RESULTS 

To study the relation between the secondary structure of 
and its ability to form amyloid fibers^ we designed a mutation 
that does not produce a significant change in the ionic or 
hydrophobic properties of A/5 but is suCTident to increase the 
propensity of the N-termtnal domain of to adopt the re- 
helical conformation. A peptide in which valine at position 18 of 
was replaced by alanine (SP40A) was synthesized. This 
modification considers that valine at position 18 is the residue 
that has the highest probability value to exist as a ^-st^ana in 
the N-terminal region of A^. Valine is an amino add that 
destabilizes the a-helix, whereas alanine is a very good helix- 
former in aqueous solution. The above statement is supported 
by thermodynamic considerations (17-19), by comparative 
studies of the helix-forming tendency in synthetic peptides (20), 
and by statistical surveys (3, 4). In fact, by comparative anal- 
ysis of the secondary structure of both peptides through FT-IR, 
we found that the modified peptide contains a significant 
amount of a-heUcal structure (Fig. LA). A quantitative analysis 
of the spectra gave the following percentage of secondary struc* 
ture for SP40A: 32.8% of a-helix, 31.3% of /3-shect. 24.7% of 
random coil, and 11.2% of /3-turn, while the percentage of 
secondary structure for the control peptide, containing the 
1-40 sequence of A/3 (SP40), was: 1.1% of a-helix, 60.4% of 
0-sheet, 31.4% of random coil, and 7.1% of 0-tum, The higher 
content of a-belix in the modified peptide was additionally 
fbund through CD studies jn the presence of 20% TFE (Fig. IB). 
The a-helical content for 8P40 and SP40A in this scdvent was 
16.6% and 40.9%» respectively. The higher level of o-helix ob- 
tained in the last experiment may be due to the presence of TF£, 
which is a solvent that atabiliises the o-helical confonnation (21). 
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Fig. 1. Fourier traasform infrared and Circular dichrolsm 
studies of wild type and mutant A0 peptides* In A is shown the 
FT-IR Bpectra taken under the foUowinsr conditions; peptide aliquota of 
20 mg/ml (20 pXi prepared in 25 mM HEFES (diaolved in pD 7.5, 

were placed in CaP, cells and the spectra were collected at 2 cm" * of 
resolution taking 500 scans. The spectra obtained with SP40 idashed 
line) and SP40A isolid /wie) are shown. The arrows indicate the position 
of the band in the amide I region oorraspondiog to the a-helix ("•1653 
cm"*), ^-sheet (-1626 cm*"*), ^-tum ('-'1696 cm"^). and random coil 
(^1644 cm'*) structures. In B the CD spectra of 8P40 {solid Uneh 
SP40A (dashed line), and SP40Q (dotted line) is shown. Aliquots of 
peptides were diaolved in 20% TFE prepjured in 10 mM sodium phos- 
phate, pH 7.4. The peptide concentration was 0.15 oig/mJ in a final 
volume of 0.3 ml. The spectra were recorded at room temperature as 
described under "Sxperimental Procedures." 

The comparative study of the solubility properties of SP40 
and SP4GA was performed by means of turbidxmetric measure- 
ments. After 48 h of incubation, SP40A became aggregated to a 
leaser extent than SP40 at equal concentration (Pig. 2A). Thus, 
at a peptide concentration of 4.0 mg/ml, SP40A exhibits 80% 
less aggregation than the control. However, an increase in the 
turbidity indicates only aggregation, hut not necessarily amy- 
loid formation. To semi-quantify the amount of amyloid formed 
under each condition, we used a novel method based on the 
fluorescence emission by thioflavine T (ThT) bound to amyloid 
(14, 15). ThT binds speci^cally to amyloid and this binding 
produces a shift in the emission spectra and a fluorescence 
enhancement proportional to the amount of the amyloid formed 
(15). The ability to form amyloid, measured by the ThT method, 
was compared between SP40 and SP40A. The modified peptide 
showed very little fluorescence in comparison vrith SP40 at a 
concentration of 1 mg/ml (Fig. 2/3). To further evaluate the 
ability of SP40A to form am^oid, we performed staining with 
Congo red. Light microscopic examination after Congo red 
staining showed that only SP40 (1 mg/ml), incubated 5 days, 
displayed a significant green birefringence under polarized 
light, while the modified peptide exhibited only a slight green 
birefringence imder the same conditions (data not shown). Fur- 
thermore, the presence and the morphology of the fibrils 
formed by both peptides was studied by electron microscopy. 
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Fki. 2. Aggregation and amyloid fomiation by SP40 and 
SP40A. The ajjgi cgntion IcvoJ nbtamoU witii difTcrcat concentrations of 
SP40 isqtto}^) awd SP40A (aVr/^,'?) was Ptudicd C4). The peptides were 
incubatfid far 48 h ot 25 in 0.1 M fmdfum nc^Ute bofTer, pH 5.0, ni 
variouB peptide concentralions, from 1 /<R/TnJ to 4 mg'mt The ag^ega- 
tinn \va« mnoRured by tlie turbidity At 405 nm. described in "Expcr- 
. iniental ProccdureF". Tliu value shown r^rescnt the mean between 2 
difToront experinicnls. The nmyloid formntion was quantified tbrongh 
the ThT methoti (B). Aliquotii i>f each peptide in a concentration of 1 
m^ml (0.25 mxr) w<^re incubntcd for 15 h in O.l M Trift-HCI, pH 7.5, n\. 
room temperature. 3'hen the fimyloid formation wbr quontified as de- 
^ribcd under "ExperimcntAl Procedure*". The praiein concentration 
for BS.A. »nd ubiquiiin was 1 log/ml. The graph shnvv^ the fluore^ence 
emisaion, in arbitrar>» unila> of ThT bound ro the amyloid formed in the 
presence of the peptides indicated in the .x axis. The voUie ahown 
corre:»pnnd t<> the average i .«;tandard deviation of thi*c different er- 
perimentfi made in duplitsitcd. 

Both SP40 (Fig. 3A) and SP40A (Fig. 3B) were able to form 
axnyloid fibrild with the ty])icAl features dcf^ribed hy these 
fibers (7, 16). Although the morphology of the amyloid fibers 
was identical, the ainount of this ati-ucturc obtained in the 
electron microscopic grids was higher in SP40 than in SP40A, 
which strengthened the results described above. 

In order to additionally study the influence of the secondary 
structure of the N-torminal domain on the rate of amyloid 
formation, we analyzed the eHect produced by the ^utamine/ 
glutamic acid sub.stttution at residtie 22 of A/i. This substitu- 
tion is found in hereditary cerebral hemorrhage with amyloi- 
dosis, Dutch type (22), Previous studies with synthetic peptides 
have shown accelerated fibril formation in a 28-rc8idue peptide 
homologous to the Dutch variant A0 (23). Our CD studies 
indicates that the Dut4:h mutation dimimshes the level of ex- 
helical conformation in comparison to the wild-type human 
peptide (Fig. IB). In fact, the a-he!icul content of a synthetic 
peptide containing the sequence 1-40 of A^ but bearing the 
Dutch mutation (SP40Q>, in the presence of 20% TFE w^ss only 
5.9%, in comparison with the 16.6% present in SP40. Thi.s 
result is in agreement with previous studies showing a higher 
amount of p-sheet in the Dutch variant than the normal A^ 
obtained by FT-IR and CD spectroscopy <24. 26). To evaluate 
the effect of this change in the secondary structtire, we com- 
pared (he ability to form amyloid between SP40 and a SP40Q. 
The turbidity measurements showed that SP40Q became ag- 
gregated at a higher level than SP40 (Fig. 4A} after 24 h of 
incubation. The amyloid quantification using the ThT method 




FfC. 3. Electron micrographs of neirativC'.^Ktained preparations 
of fibrils assembled from SP40 and SP40A. AHctuotA of both pep- 
tide; SP40 (A) and SP40A ^n»re udsjorbcd onto 300-mitsh Fomivar- 
coated {ends aiwl negative-stained >vit}\ "1% uranyl acetate. The speci- 
mens were viewed for fibrils with i\ Phillips electron microscope. 
Magnification* x 66,000. 
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Fig. 4. Aggregation and amyloid formation by 8P40 and 
8P40Q. This figure was performed under the same e:t|>eninenla] con- 
ditions described in Fig. 2. In the turl»dity measurement (A 1 the time of 
fncid>atlon was 24 h. In the flooresccnco studies (/}) the incubation time 
was 15 h. Both cxpenmenls were pcrformi?d in a peptide concentration 
of 1 m^ml. Tba mean z standard dsvirtfian of threo difTcrcnt experi- 
menfcd mode in duplicated le shown. 

showed that SP40Q formed 100% more amyloid than SP40 
(Fig. 45) after 15 h of incubation. This j-esuU indicates that the 
1-40 peptide of the Dutch variant has accelerated amyloid 
fibril formation, as was previously shown for shorter peptides 
consisting of residues 1-28 and 21-28 (23^ No diCfcrcnces were 
detected in the morphology of the amyloid fibrils formed for 
SP40Q, in comparison with SP40 (data not shown>, which is 
consistent with previous studies (23, 24). 

DISCUS.SJON 

In the pi-esent work we demonstrote that a single mutation 
of valine 18 to alanine produces a homologous A/3 peptide that 
is less able to form amyloid in mini, 'i'his aubstitution does not 
significantly modify either the ionic or the hydrophobic prop- 
erties of A^. However, this modification inci'eascs the rv-helical 
content of Ap as was observed through FT-IR and CD spectros- 
copy. Considering the position of thi- substitution and the anal- 
ysis by secondary structure prediction , it is widely p^issible thai 
the change in conformation occurs in the N-ierminal domain of 
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Fig. 5. Schematic representatioii of the conformatioiial equi- 
librium between alternative structures for indicBtSng soxne 
possible reguletors of the transition. The structure shown at left 
s>iould b« the soluble form of A^. which ia released by normal cells and 
is detected as a soluble entity in cerebrospinal fluid from normal and 
AD individuals (32, 33). On the other hand, the structure shown at right 
eboald be the form of A$ able to form aegregatee (34, 35). once the 
effective local concentration allows interactions between chains. 

A/3, which in SP40A would adopt mainly an a-helicaJ structure. 
By contrast^ in the Dutch variant of A^, the glutamine for 
^utamlc acid substitution at residue 22 diminishes the propen- 
sity of the N-termtnal region of A^ to adopt the a-helical con- 
formation concomitantly with an increase in amyloid forma- 
tion. These findings suggest the existence of a correlation 
between the secondary structure of the N-terminal domain 
(amino acids 10-24) of Ap and its ability to form amyloid 
fibrils. 

In view of the foregoing results, we postulate that A/3 exists 
in an equilibrium between two alternative species in solution: 
one able to form amyloid, which presents a /3-strand conforma- 
tion in its N-terminal domain; and another one unable to form 
amyloid, which adopts an a-helical structure in this region 
(Fig. 5). In fact, our recent studies have shown that after long 
incubation times, the non-sedimentable peptide fractions con- 
tain a large amount of a-helical and random coil structure, 
completely different to the structure of the sedimentable frac- 
tion, which presents almost completely a p-sheet conformation. 
Recently, it has been proposed that in another type of amyloi- 
dosis the conversion of an «-helix into a 3-etrand is a featiire of 
the transformation of the normal cellular prion proteins into 
the pathological scrapie prion proteins (26). 

The existence of an equilibrium between alternatives confor- 
mations for Aj3 is additionally supported by a recent study of 
the tridimensional structures of and ita Dutch variant 
throu^ KMR (27). Furthermore, the finding that the aggre- 
gated is in equilibrium with a non-aedimentaUe form of the 
peptide (7, 28) supports the idea that in solution there are two 
species of Aj? differing in their abilities to form amyloid. When 
the N-terminal segment of A^ adopts a 0-Btrand conformation, 
A^ may exist as an anti-parallel p-sheet capable of interacting 
with other peptides forming a cross-p supersecondary struc- 
ture. This structure has been proposed for the amyloid fibril, 
based on its x-t^ diffraction pattern (29, 30). 



It has been shown previously that A^ analogs in which 
hydrophobic residues (phenylalanine .19 and 20) were substi- 
tuted by non-hydrophobic amino acids exhibit a markedly in- 
creaaed solubility aa determined by sedimentation assays (8). 
Accordingly, it was proposed that the formation of aggregates 
depends upon a hydrophobic effect: that leads to intra- and 
intermolecular interactions between hydrophobic parts of Ap, 
Although the effect obtained with SP40A could be explained by 
modifications in the hydrophobic properties induced by the 
substitution, this appears unlikely because the putative hydro- 
phobicity changes in this case are small. Another study show- 
ing the eflect of A/3(l-28) with alanine substituted by lysine at 
position 16 has been reported previooflly (31). In that case, the 
modziied peptide formed ^-pleated sheet assemblies that were 
dissimilar to those formed by non-modified A^l-28) and en- 
hanced l^e paddng of the sheets. However, in that work, the 
effect of the substitution in the aggregation kinetics was not 
studied. 

Our data show that the N-terminal domain of Aj3 may be 
important for modulation of peptide aggregation and amyloid 
fibril formation. This is an alternative view to the current 
model in which the determinant rolu for A^ aggregation is 
placed on its C-terminal segment <6, 7, 13, 28). 

Our hypothesis may explain how the same amino acid se- 
quence can exist in a soluble (32> 33) and an insoluble form (34, 
35). In fact, small perturbations in the conformational equilib- 
rium could determine big changes in the ability of Aj3 to form 
amyloid fibrils. These modifications of tiie equilibrium shown 
in Fig. 6 could, for example, be caused by local pH changes, 
alterations of environmental hydrophobicity, or binding, to 
other proteins, which could act as pathological chapeavnes such 
as proteoglycans (36) and apolipoprotein E (37). The factors 
that eventually produce alterations in the conformational equi* 
librium of A^ could be important risk factors in the develop- 
ment of AD, and could explain why not all persons shown the 
disease. 

Finally, if the amyloid deposition is sensitive to the second- 
ary structure adopted by the N-terminal domain of A/J, as 
proposed in this work, compounds that promote the a-hellcal 
conformation in this region could prevent amyloid fibril forma* 
tion. In fact, in the presence of l,l,l,3,3,3-hexafluor0'2-propa- 
nol, an a-helix promoting solvent, A/) is completely soluble up to 
a concentration of 40 mg^ml (28). Thus, the hypothesis proposed 
in this paper opens a potential new avenue to search for thera- 
peutic agents that can promote a-helix formation in the N-termi- 
nal domain of Ai5 and could stop or delay the advance of AD. 
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Solution Conformations and Aggregatlonal Properties of 
Synthetic Amyloid P-Peptides of Alzheimer's Oiscase 
Analysis of Circular Dichroism Spectra 

Colin J. Barrowt. Akikazu Yasuda, Peter T, M. Kenny 
and Michael G. Zagorski^ 

Suniory InsUiuU Jor Bioorganic Research 
Wakayamadai, Shimamoio-cho, Miskima-gun 
Osaka 618, Japan 

(Received 24 Sepiewber 1991; accepted 12 February 1992 ) 

The A4 or /?.pept|dc (39 to 43 amino acid residues) ia the principal proteinaceoua component 
of amyloid deposits in Abheimcr's disease. Using circular dichroism (cd.), we have studied 
the secondary Btructures and aggregation^ properties In solution of 4 synUietic amyloid 
/^-peptides: 1-28), ^.(1^30), fi^0^2) and /?.{29-12). The natural"^ componS^^^^^ 
fl*IT ooy^"!? f ^""^ extracellular amyloid plaques ai« /?.{l-39) and ^-(1-42). while 

/f-(l-28) and i?-(2&--42) are unnatural fragments. 

The /?-(l~28)» /?.(l-39) and /?-(l-^2) peptides adopt mixtures of ^-sheet. a-helix and 
nindom coil structui^. with the relative proportions of each fiecondaiy structure l>einE 
strongly dependent upon the solution conditions. In aqueous aoluUon, ^-sheet structure is 
fuvortxl for ^^e and^/?-{l^2) pepUdes. while in aqueous solution containing 

tnfluorocthanol (TFI?) or hexafluoroisopropanol (HPIPJ, a-hoUoal structure Is favor^ for 

i . a-helical Htrueturc unfolds with increasing temperature and is favored at 

pH I to 4 and pH 7 to 10; the fi shttet conformation is temperature insensitive and is favored 
at pH4 to 7. Peptide concentration studies showed that the ^ sheet conformation is 
ohgomeric (intermolccular), whereas the a^helica! conformation is monomeWc 
(intramolecular). The rate of aggregation to ihe oligomeric ^-sheet stnioture 
(a-hdix random coil ^ P-sheet) is also dependent upon the solution conditions such as the 
pH and peptide concentration; maximum /S-sheet formation occurs at pH5 4. These results 
suggest that ^^peptide is not an Intrinsically insoluble peptide. Thus, solution abnormal i tics, 
together with localized high peptide concentraUons, which may occur in Alzheimer's disease 
may contribute to the formation of amyloid plaques. ' 

The hydrophobic ^-(29-42) peptide adopts exclusively an intermolecufar tf-sheet 
conformation m aqueous solution despite changes in temperature or pH. Therefore this 
segment may be the first region of the ^-peptide to aggregate and may direct the folding of 
the complete /^-peptide to produce the /^-pleated sheet structure found in amyloid deports 
Oifrerences between the solution conformaUons of the ^-(1-30) and ^-(1-^2) peptidea 
suggests that the last S C-terminal amino acids are crucial to amyloid deposition. 

Keywords: /^-peptide; Alzheimer's disease; circuliu- dichroism 



I"*»^oductlon reviews, see Glcnner. 1988; Muller-Hill . & 

Alxhcimer s disease (AD§) is a major cause of ii«yreuther. ]089;Selkoe. 1989; Ishiura, 1991). The 

"" 'e dementia, and is cliaracterised by pathologic 

I lesions composed of amyloid deposits (for r . . . — ~ 

^ ' ^ § Abbreviations used: AD. Alxheimer'e dijioaro; APP, 

4. il I 7t i. I Z " amyloid preo^rsor protein; c.d., circular dichroism: 

J: Author to whom correspondence should be resonance; FAB-MS, faat^atom bombardment mass 

luiuiwd. epectroinctry; HPIP, hexafluore-2 propanol. 
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major pnK^jin constituent of amyloid deposits is the 
A4 (Miu?U5rB el qL, 1085) or jj -peptide (Glenner & 
Wong, IOa4aK which is a amair polypeptide 
cx>nsi{cting of 39 to 43 amrno acid residues {^e Fig, 1 ; 
the peptides composed of 39 and 42 residues are 
ttbhroviatcd as ^-(1-30) and /?-(l-42)). Extracellular 
dcrKxviis consist of amyloid plaques and oerebrovos- 
cular amyloid, whereas intracellular deposits consist 
of nourofibriiVary tangles. Similar amyloid plaques, 
aJso composed of /^-peptide, occur in tHe brains of 
individuals afflicted with Down's syndrome 
(Glcnncr& Wong, 19846). and in'smallcr amouiiU in 
the brains of normal older humans (Coria ei al., 
1983) and other mammals (Selkbe d al., 19fi7). ' 

P-Peptirie is derived from the in vivo prbteolysia 
of a larger amyloid precursor protein (APP) (Kang 
H ai., 1987). The gene for APP has been sequenced 
to chromosome 21, and it can be copi^ into five 
mRNA forms, which produce APPs of ditferent 
primary structure: APP563. .iVPP695, APP714, 
APr75l, and APP770 (the numbera 563, 695. 714] 
751 and 770 refer to the number of amino aciid 
residues, see Fig, 1). APP563» APP751 and APP770 
conUhi an insert enooding a Kunitz type protease 
tiihibttor domain, while APP714 arid APP770 
contain an 0X-2*reiat^ domain (Kitaguchi c< at., 
J 988), APP5C3 is devoid of the transmembrane 
domoin containing the fi-p^pUde region 
(Weidemnnu .a/., 1989; Kitaguchi ei q/., 19|>0;. 
OllerRdorf a/., 1990), and therefore is not amyloi- 
dogcnic. Although in humans amyloid deposits are 
primarily found in brain Ussue, the origin of APP is 
more diverse. For cxampie, APP is found in brain 



and cerebrospinal fluid (Weidemann el eU., 1989), 
kidney, spleen, heart, adrenal tij?8ue8 (Selkoe el af.l 
1988), ajid platelets (Bush ei cU.. 1900). 
. Most of the recent researci\ Into AD has focus* J 
upon .the relationship of different APP forms to AD, 
and upon tJie . pathways in which APP is. protco- 
lytically {irotx^sscd (Palmert el at., 1989; Joftnson et 
al,, J990; Sisodia a£„ 1090). Unfortunately, there 
still exists ho clear-cut corrclatjon between the 
levels of different APP forms to the amounts and 
tyjKJS of amyloid dc|>ps!ta, and it is also unclear how 
an abnormal cleavage of APP couid be responsible 
for /?- peptide deposition. Loss reseairch ciPFort h-s 
been directed toward an undcrse«nding of the dyn..- 
niies of /J-pcptide in solution (Hollosi et aL, 1989; 
Hilbich €t ol.. 1991), since it is thought that 
/^-peptide is a highly, insoluble protein, and after 
cleavage from APP, spontaneously self-assembles 
into a p-pleated twisted fibril structure, the prob- 
able structure in plaques (Kirschner el oi.. 1986). 
However, alternative mechanisms involving local - 
iM?d cliangcs in pH, temperature, glycosylatton of 
P-peptide (Hehrou^c a aC, 1989). or accumulation - ** 
aluminum silicates (Candy ei aL, 1986), may 
rcspoiwible for the precipitation of /?-peptide. In the 
latter case /^-peptide may be envisioned as a nOrmal 
proteolytic product Uiat precipitates due to solution 
abnormalities present in Alzheimer brain. 

To provide a basis for understanding the relation- 
ships between the accumulation of amyloid fibrils in 
Al> and Uie mechanisms involved in precipitation of 
/I-peptide. we arc currently studying the structure 
and dynamics of ^-peptide in solution (for a pre- 
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liminary report, Bee Barrow & Zagoraki. lOfll). We 
) report here the secondary atructurea of four syn- 
thetic /S pepttdee, i?.{l-28), /?-(29-42). /?-{l-39) and 
^-{1-42), obtained in fiohjtion from analysis of 
circular dichroiam (c.d.) speetra (see Fig. I for the 
amino acid sequences of these peptides). In patients 
wiUi AD, ^-(1-39) is a principal component of 
cerebrovascular deposit {VvbWx el al,, 1988). 
whereas i?-(l-42) is the principal component of 
amyloid plaques. The unnatural /?,(l-28) and 
^-(29-42) peptides, which are composed of amino 
acid residues I to 28 and 29 to 42 of j?.(l-^2), 
occupy the extracelJular and transmembrane 
domains within APP, 

Our work demonstrates that /7-peptide adopts 
mixtures of ^-aheet, a-helix and random coil con- 
formations in solution with relative ratios being 
strongly influenced by the. solution conditions. Our 
results also suggest that the hydrophobic residues 
located at the C terminus of the parent fi-(\-^2) 
peptide may be involved in the initial atages of 
fotdtng to produce the /?-pleated sheet structure 
found in amyloid plaques. For the amino add 
restdues located at the N terminus, however, the 
rate of ^-sheet formation is strongly dependent on 
factors such as the hydrophobicity and pH of the 
surrounding environment. 

2. Materials and Methods 

(a) Synih^ti and purijicatiem oj fi-pc.ptidt^ 

All 4 jM*j»tWe«. P-{l-28), ^-(2J>-42), /J.(l-39) and 
/r-(l--42), were Byntheaiied on Molid pUM» in an automatvd 
fuKhiuit UMing a model 430A /K'.ptJde HynthcMiy^r (Applied 
»i«B>'HtcmB Japan. Inc.) with atandard cvmpuicr 
fuiflwartf. using the conventional t-Boc strategy and 
jihcmylaoetamidomethyl (PAM) rcBin,* The amino acid 
ciirtridgpD and the reagents f»r jicptide cyntheHCs were 
purchatifd from Applied Biosyatems. Side-chain 
prt»tw.ting groups were O-benxyl- for Asp. Glu and Ser; 
2.<!hkirocarbobensoxy- for Lys: bromo-carbobenzoxy for 
Tyr; loRyl- for Arg; and dinitrophenyl for His. Tlie 
pefMides were cleft from the resin by removal of the 
dinitrophenyl protecting groups with thiophenol, then 
removal of the t-Boc protecting groups with tri- 
fiutinmceUc acid (TFA) in dichloromethane. followed by 
treatment with anhydrous hydrogen fluoride (plus 10% 
m-crPHol) for 1 h at O'C. The peptides were extracted from 
the resin with TFA, then precipitated and waahed 
repeatedly with diethyl ether. The ^*<29-42) and ^-(1-^2) 
ppptides were triturated and washed with water to 
improve aolubility, Pinal purification was done on 
reverwj-phaae b.p.l.c. using mixtures of acetonitrile, tri- 
fluoroethanol (TFE). water and TFA, on C4 (Vydac) and 
r»(:4-3lH) (Ca»mo8il) preimrative columns obtained from 
Tlie Separation Group (Hesperia, CA, U.S.A.). 



<b) Chwxtcierizaiion of peptides 

»Tlie purified and deprotocted peptides were analyxed by 
amino acid analysis (AAA), fast^atom bombardment mass 
e)>ectrometry (FAB-MSJ, and proton nuclear mogneUc 
resonanre flpectrosropy {»H n.m.r). The peptides were 
hydrolyred «t 1 lO'^C for 24 h in 0 M-HQ (c^>ntaining0-2% 
phenol) prior to the AAA. which was done using standard 
o-phtbalaldehyde methods. 



All 'H n.m.r. meaauremenis wons made at TiOOMHk on 
a General Electric GN-500 Kpcctronmtor. Chemical whifLH 
are referenced to external sodium «H^>niethy}Kily|} 
propionate- 2,2.3,3-^4. To avoid possible Mide-i^actidnH 
with Bolvents (for an example, see Klunfe & Pettegraw. 
1$HH>), all n.m.r. spectra were recorded immediately after 
peptide difwolutton. For all peptides, no extraneous {xmlcs 
indicativB of minor impurities <»r trtmcated fieptides were 
present. Comparison of the integral heiglits in the aro- 
matic. aH. and CH3 regions, showed that the peptid«M 
were at least 95% pure. . 

FAB-MS meaBurements were carrred out on a JKOT* 
HXnOA/HXllOA tandem masa Hjrectronveter. The 
accelerating voltage was 10 kV. Tons were produced with 
xenon using a JEOL FAB gun at 6 If V. All spectra were 
measured in the positive-ion mode and recorded on a 
JEOL DA-6000 data system. Before addition of the 
matrix, the peptides were dissolved in dimethyl sulfoxide, 
formic acid, or trifluoroacetic acid. Either glycerol, or a 
mixture of glycerol and S-nitroben^yl alcohol were used 
as a matrix. For tandem mass spectro metric studies (MS/ 
MS), the M + H* ion was selected by the first mass 
spectrometer. Subsequently, this ion was ooltided with 
helium in a coltwion celt (located in tho third fleld-fn^e 
region and floated at 3kV), then a linked scan was 
acquired at a ctuiHtant ratio of magnetic to electric field 
strengths using the second mass siieotrometer. Such "MS/ 
MSi analysis allowed us to substantiate the fdentit»es of 
the fieptides by 2 methods: (I) comparison of theex|)ected 
and a<ttual molecular weights (Jiated bolow for each 
peptide}, and (2) confirmation of the t}^.ptide sequences. 
For the P-(l-28> and i?-(20-42) pepUdels the monoi80topi<^ 
mc»le<:ular weights are shown, wheren^ for the larger 
p-(l-30) and j&.(l-42) peptides the average molecular 
weights are shown. All peptides had ex (wlJent agreement 
between tlie predicted and determined amino acid 
content. Shown below are the FAD-MS and the AAA data 
(b(»th predicted and determined) for the four |ieptides: 

FAB-MS (MHM mjz 3261-7{1; MW, 32e0-63 
AAA: Asx 40 (4). Sor 1-8 (2). Glx 4-2 (4). Qly 2*2 (2) Ala 
2^) (2). Val 2-6 (3). Leu 1-2 (1). Tyr M (1), PheS O (3)'. His 
3-0 (3). Lys 21 (2), Arg 1-0 (I). 

fi^{29-42j. FAB-MS (MH*) mfz 1209-76: MW, 126875. 
AAA: Gly 41 (4), Ala 20 (2), 2-2 (3), Met 0-9 (1), He 

2- 2 (3), Uu 1-2 (1). 

fi'(J'39}, FA15-MS (MH m/t 4235.37; MW. 4234-76 (this 
peptide contains 4 carbons labeled with 99-8%,"C). AAA: 
Asx 41 (4). Ser 2-4 (2), Clx 4-2 (4), G)y 6-4 (6), Ala 2-8 (3) 
Val 4-9 (5). Met 09 (I). He 1-8 (2). Leu 21 (2). Tyr 10 (1)' 
Phe 3-2 (3). His 2-8 (3). Lys 2-2 (2), Arg 1-2 (I). 
Hi-m- FAB-MS (MH*) mlz 4614-85; MW, 4614-10. 
AAA: Asx 4 2 (4), Ser 2-7 (2), Glx 4 4 (4), Gly 8-6 (6), Ala 

3- 6 (4), Val 4-9 (6), Met I I (I). He 2-2 (3). Leu 2-4 (2). TVr 
1-2 (1), Phe 31 {3), His 2-9 (3). Lys 2 4 (2). Arg M (1). 



(c) ^tze exclusion chromatography 

The extent of aggregation of the i5-(l-28), /?.{l-39) and 
/J-(l-42) peptides at pH 7*4 and 3-5 wern determined by 
size exclusion chromatography. At pH7*4 and 3-6. an 
ammonium acetate buffer (60 ^m) and a solution of 
aqueous acetao acid (0^1 MV) wore used, respectively. A 
column (I cm X 60 cm) was packed with .Sephadex G50- 
SF. The eluant was kept at a constant flow rate of 10 ml/h 
using a peristaltic pump (Iwaki. Inc., model PST-103), 
and was monitored by measuring the absorbance at 
220 nm. The peptides or protein standards (1 to 2mg) 
were applied to tho column in 0-6 ml of buflor, ' 



PAGE 47/62 • RCVD AT 7/22^010 7: 15:17 PM [Eastem'bayUglit Tbne] » SVR:USPTO-EFXRF-5/16 * DNIS:2738300 * CSiO: * DURATION (mm-6S):17^ 



07/22/2010 15:29 FAX 



ill048/062 



J078 C, J. Barrow ct al. 



(d) Circtdar dichroim measurements 

The triauoroethanol (TFB) and hexafiuoro-2*propftnol 
(HPIP) uaed for sample preparation were of the higheat 
grade from commercial aoiirccB. Water waa both detonized 
and distiUed to remove inorganic and organic impurities. 
All apectra were obtained with a Jaaoo spectropolaH- 
meter, model J-600A, equipped with a daU proceflsor, 
niodd DP-601 (Jaaco Inc., Tokyo. Japan). Thcitempcra- 
ture waa controlled with a refrigerated circulating bath, 
and temperature readings were taken with a thermometer 
(±01 dcg.C) at the entrance port to the jacket which 
aurroundcd the quartz cell. The synthetic P^\-2S) and 
^-(1-30)' peptidca were soluble in aqueous solution. 
However, the p-(J-42) and A-<29-42) peptides are less- 
soluble in aqueous solution. To overcome these solubility 
probtems, stock solutions of the peptides were pt^paied in 
HFIP. Portions from these solutions were removed and 
diluted a 1000-fold in the buffered water solution used for 
c.d. analysis. For solutions containing TFE or HFIP in 
huflcred water» the amount of HFTP or TFE is reported 
as percent by volume. With the exception of spectra 
ehown in Fig. 8. spectra were recorded 20 min after the 
iiepttdes were dissolved in the aqueous buffer aolutions. 
Peptide concentrations in the stock solutions were deter- 
mined by amino acid analysis. All solutions contained 
5 fiM -potassium phosphate as burfer, and the pH waa 
adjusted ^U> the desired value with a pH meter (Horiba, 
Inc., model F-12). Quarts cells of either O-OS-i- O l^ or 
l<0-em path lengths were used, depending upon whether a 
comx^ntrated or a dilute peptide aolution was being 
measured. Spectra were recorded at l-nm intervals over- 
the wavelength range 190 to 200 nm. 

{e) Afeikods of circular diehroism anaiyais 

ilesulte are expressed in berime of meflin. residue ellfpti- 
city (f(?jA) in units of deg • cmVdecimol ^dmol). and were 
determined according to the following equation: 
(MRW)/I0fc, where Q correaponds to the 
measured oUipticity angle at wavelength A (mdeg), MRW 
is the nri^an residue weighty / is the optical path lengtls, 
(cm), Itnd c is the protein concentration (g/ml). All spectra- 
were obtained by subtracting buffer base-line apoctra and 
no 61tenng or other smoothing technique (Savittky it, 
Oolay^ 1064) was used to reduce the noise levels. 

The percent oc-helical content was determined using 
both Che 20anm (Greenfield ^ Pasman, ]96d) and the 
220 nm (MorriseU el o£., 1973) absorptions according 
to., the following equations: % a-helix ^ 
(l^2oi-4000/-33.O0O-4O00) x 100 and * « 

([flhaa-3000/-86,000-3000JxlOO. The method baaed 
on the 220 nm absorption Assumes no ^*sheet content, 
thus the 208 nm absorption was better suited for eatinia- 
tions of ther a-helieat content in the preKnoe of ^-sbeet 
(see Table 1 for a sumniary of the calculations). The 
curves shown tn Figs 2(c) (d). 3(c), (d). 6 and 7 were 
generated by manual cur\>e fitting. 

Kiftimstes of ^-sheet and random coil structures were 
obtained by a least'Squares curve-fitting procedure 
(Chang, a/., I97S) using reference spectra of poly-L-. 
lysine (Greenfield & Fasman, 1969). This latter procedure 
involved utiing a program supplied, with the Jasco spectro- 
polarinipt^^ (Secondary Structure Eatimation or &S^98, 
.lafico. .Inc.). In using, this program, 2 operations vrere 
ItcrformcKi: ( I ) & constrained Htandard fitting mode (where 
tlw fraction of eacii secondary structure is positive and 
t-he Mtm of the fractions equals unity), and (2) a rinn- 
confitraintxl fitting (where no constraint on the sura of the 
fractions or on the negative values is imposed). Generally, 



the renulta of the two fitUnga agreed to within ±\iSy 
illustrating that satisfactory calculated spectra wc^ 
obtained by this method (Yang^/o/., 1080). This program 
also provided }>crccntagca of a-hclix and /?-t«ni. 
Typically, the amounU of a-helix determined with i e 
SSE-08 program agreed to within ±10% with tluise 
obtained from the direct calculation as described above. 
However, since the reference spectra for poly-L-lysine 
contain essentially no ^-turna, the percentages of ^-tum 
determined from the program were always approximately 
rero. so these were not included for the prcaent study of 
the amyloid ^-peptides. Furthermore, anaiyaJa for^> turns 
in the c.d. spectra of small peptides often are unreliable 
(Woody; 1974^). The SSE-08 program alsb provided a 
normalized stSJidard deviation (NRMSD), which is a 
goodness-offit parameter (Brahms & Brahma, 1880). K r 
the majority of calculations/ NRMSD values were in the 
range of 0* I to 0-2, indica-ting that the calculated struc- 
tures were, indeed connstent with actual structure. 



3. Results 

(a) Selection of P -peptide fragttienis 

The sequences of the four poptides, /?-:(I-28), 
fi-(29-A2), /!r-(l~39) arid ^-(1-42). inveaUgated in tK 
study are shown in Figure J , The ^ (1-^2) and p-i)- 
39} peptides were studied because they are natural 
components of amyloid deposits. Wc also decided to 
study the smaller ^-peptide segments, ^-(1-28) and 
P'(2&-42)» since they represent distinct regions of 
^-peptide. /?-(29-^2) contains only hydrophobic 
amino acids, while P-(\-28) contains mostly hydro- 

..philio amino acids. Most slgnifici^ntty, the ^-(i-28) 
peptide forms amyloid ftbrits in nUro (Kirschnrr 
al,, 1987: Gorevic o^., 1087), whereas a peptic..* 
composed of residues 'd4 to 42 is known to aggregate 
and form thick twisted fibrils (Hatverson ei aL, 

.1900). We hoped to elucidate the relative contri- 
butions of each distinct peptide region to the 
aggregational properties of ^-peptide. 

(b) Solvent composUion 

We first investigated the influence of the struc- 
ture forming solvents, TPE and HFIP. on tl* 
secondary structures of the amyloid ^-peptides, c.d. 
spectra for the ^-(1-42) and ^-(3-39) peptides 
recorded at 22 X, pHT3, and in buffered aqueous 
solution containing different amounts of TFE are . 
shown in Figure 2(a) and (b). The percentages of 
secondary structures ealouiated for each c.d. trace 
are listed in Table 1, and are depicted graphically in 
Figure 2(e) and (d). In water without TFE, the P*(l-' 
42) peptide adopts largely a p-sha&t structure, 
whereas the /?-(l->39} peptide has substantially less- 
P-sheet structure (Tabic 1 ). Little or no heiicflLj 
structure is observed for the ^-(I -SO) and ^>{l-42) 
peptides in water at pH 7*3. 

For aqueous solutions containing TFE (Fig, 2(a) 
and (b)) there is a decrease in P-ftheet content with 
an accompanying increase in a-helicai content as the 
amount of TFE is increased, wflh maximum 
amount of a-helica! structure observed for /?^(l~30) 
and p'{\-42) at 00% TFK (Fig. 2(c)). For /J^(l-39). 
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Table 1 

EsiimalcB of secondary structure in amyloid P-pepiides from analysis ofcd. spectra 



P«|>Ude 



Solvent 



Temperature 



a Helix /? Sheet ICaitdom ctn'l 

(%[^ho.) {%fOJa,,) (%) (%) 



A. Jfnfwm/ compantion atudy 



3K 



A-4 



Water 
10% TFE 
20% TFR 
30% TFE 
40% TFE 
<^0% TFE 



fiO% TFR 



C» Pttpfide cottCifUrtdwH. *tudy 
IWfrO C0% TKK 

83-0 
170 

H-3 

h7 

Hirer 

8»-0 
17^1 
K» 
1-7 
fMMH> 

Ifi7-I» 
ICI-O 
17-0 
H-3 
1-7 

l>. Ttm^mtmn Hudy 

4 3 00% TFK 



iJ.(l.,1rt): 
A. Hafrrnt ramptmiw/i tixuty 



5-2 



Wtttcr 
10% TFE 
\h% TFE 
20% TVK 
3rto^ TFK 
•40% TFE 
00% TFE 
<K*% TFK 

WHier 
10% HFIP 
«)% HKIF 



22 


2'K 


-4300 


-033 


t 


7 


0 






-5800 


-leoo 


6 


12 


0 






-13000 


-11300 


3i 


37 


0 






-24500 


-21650 


70 


63 


0 






-20000 


-18500 


57 


55 


0 






-20600 


-IB5S0 


67 


58 


0 


22 


1-2 


-20800 


-25200 


89 


70 


0 




3*2 


— 23800 


- 18900 


68 


56 


4 




4*3 


— 1 3520 


— 10380 


34 


42 


40 




4*7 


-12700 


-12700 


30 


40 


44 






-12200 


-10300 


28 , 


32 


60 




6-2 


-14300 


-llOOO 


30 


37 


54 




8-7 


rl50S0 


-12140 


41 


38 


40 




70 


-16000 


-13300 


44 


42 


5 




8*0 


-20000 


-14550 


55 


45 


0 




10*2 


-23800 


-18900 


60 


56 


5 


32 


2<8 


-21100 


-17600 


58 


53 


0 






-17822 


-17810 


49 


53 


0 






-17802 


-17372 


40 


52 


0 






-l9aS2 


-17903 


52 


53 


0 






-10900 


-18040 


54 


55 


o 






-10860 


-15088 


46 


4? 


0 






-20B05 


-19010 


57 


56 


0 




7«4 


-17100 


13000 


40 


41 


0 






- 101157 


-13018 


40 


41 


0 






-10339 


-12002 


44 


41 


0 






-10687 


-12054 


45 


40 


0 






- 17401 


-13020 


47 


41 


0 






-133.03 


- 10446 


30 


33 


0 






- 15032 


— 10800 


41 


34 








-12000 


-lOKOO 


32 


42 


48 






-12206 


-10410 


33 


40 


40 






- 12731 


— 10929 


34 


35 


38 






— 1 4320 


— 10902 


38 


35 


30 






— 17216 


— 11313 


40 


30 


32 






111 QS 


— 8570 


30 


27 


30 






— >W*l 


—4457 


26 


14 


27 


-2 


in 


—28500 


— 263(NI 


84 


75 


0 


jl 




— wwiv 


— 2420(J 


' 78 


70 


0 


13 




— **ow 


— 350000 


04 


59 


0 


22 




-20700 


-17300 


57 


52 


0 


.Vi 




— 17200 


— 1 **wu 




40 


0 


iiO 




-14300 


-8800 


35 


33 


0 


-:i 


7-4 


-24000 


-iOOOO 


68 


55 


0 






-20700 


-Ifl'OO 


57 


46 


0 


ir> 




-10200 


-14300 


52 


44 


5 


22 




-18800 


-12700 


51 


40 


5 


AO 




-13000 


-8000 


30 


28 


10 


22 


7*3 


-1000 


-3300 


0 


16 


57 






-3800 


-.MOO 


0 


22 


59 






-HXXK) 


-7800 


21 


28 


8 






-M700 


-loaoo 


37 


35 


'0 






-16700 


-12700 


43 


40 


0 






-17800 


-13800 


48 


43 


0 






-18000 


-14300 


50 


44 


0 


22 




-10800 


-15200 


55 


47 


0 


2 a 


-1000 


-3000 


U 


15 


25 






-10600 


-10600 


54 


50 


5 






-22000 


-18500 


62 


55 


0 



RS 

35 
20 
25 
25 



18 
17 

SO 
40 
15 
15 
15 
39 
28 
40 



25 
25 
25 
25 
25 
30 
25 
40 
40 
40 
40 
40 
45 
45 
15 
20 
SO 
32 
30 
43 
47 



20 
25 
35 
40 
50 
GO 
35 
45 
50 
50 
70 



43 
39 
46 
2t 
18 
31 
30 
30 
72 
35 
30 
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TaMe 1 eoniintied 



(MM) 



Solvent 



Tetniierature 

rc) 



pii 



(deg-cm'/dmol) 



a Helix /?-8hflet Random njtl 



5-2 



30% HKIP 
2.«i% TFB 



A. iiUveni tompoMiion study 



10 



14 



t5 



Wttier 
10% TFE 
IA% TFE 
20% TFE 
aO% TFE 
^0% TFE 
<»% TFE 
00% TFE 

Water 
10% TFK 
15% TFE 
20% TFB 
30% TFE 
40% TFE 
i\0% TFB 
00% TFE 

Wilier 
Ul7o HFIP 

ao% KFir 

30% HFIV 
40% KFII» 
«»% HFIP 

Water 



2ri% TFE 



A. Softfem contjiOMtion study 



10 



Water 
20% TFB 
40% TFE 
«0% TFE 
80% TFB 
00% TFE 
HK)% TFE 

W«ter 
10% HFIP 
20% MTIV 
30% HFIP 
40% HFIP 
fiO% HFIP 
G0% HFfP 
70% HFIP 
80% HFIP 
90% HFIP 
HK)% HFIP 



22 



.22 



22 



22 



22 



22 



22 



22 





-23000 


-20000 


09 


54 


0 


3(1 




-24600 


-20400 


71 


00 


0 


30 




-22000' 


-18000 


05 


58 


0 


30 


1-3 


_.oi ortrt 


— 1 i /UU 


59 


53 


0 


24 


3*0 


— 17700 


— \AAtV\ 

— i-^^uu 


47 


45 


5 


16 




— 


— 7000 


12 


28 


40 


30 


7-11 


■ ■■■ lA/UVl 


— 1 1800 


41 


38 


15 


47 


O d 


. lAim 

~* lOlUU 


— 1 InUO 


42 


38 


7 


25 




— If /uu 


— IS400 


47 


42 


5 


38 




-000 


-4000 


0 


18 


80 


14 




-1400 


-5700 


0 


20 


88 


19 

\A 




-2300 


-6200 


0 


24 


05 


6 




— 0800 


— fiOOO 


20 


33 




31 




-16800 


-insbo 


44 


42 


5 


20 




— 15400 


— 1 24<iO 


30 


• 40 


2 


20 




— 14O00 


— i^ivv 


•>i> 




13 


30 




— IdOOO 


— IZwU 


40 


40 


0 


21 


7*3 


OvA/ 


— «tuou 


0 


15 


70 


21 




n/tfi 

— ow 


— 5200 


0 


21 


83 


17 




—4000 


— f^^]^} 


0 


25 


76 


25 




—4800 


— tUUU 


«i 

3 


20 


03 


33 




^itdoo 


— 10400 


28 


J* 


24 


37 




— 12000 


— ■VI.AIV 




34 


12 


36 




— 14000 


— 11000 


«in 


An 


3 


35 




— tdooo 


— 1 24<K} 




30 


t\ 
ii 


22 


2-8 


-1000 






17 


82 


18 




-lUOO 


-10400 


24 


34 


55 


35 




-15400 


-12800 


41 


40 


22 


33 




-19700 


- 1:1300 


44 


42 


M 


33 




— 16000 


— I'lliOO 


44 


42 


10 


32 




— tGOOO 


— 13ItO() 


44 


42 


5 


32 


IM 


-tbbo 


• 


0 




78 




2-8 


-llOO 






(1 


80 


*V 


£-0 


+ 2000 




0 


0 


05 


5 


7-3 


+ 2000 




0 


0 


00 


10 


IM 


-800 




0 


0 


73 


27 


IIM 


-1700 




0 


0 


73 


27 


1-3 


-12100 


-HIOOO 


28 


3H 


40 


30 


30 


-U300 


- KkKX) 


25 


37 


fiO 


SO 


5^5 


-500 


-53<)0 


0 


21 


80 


io 


7-6 


-10800 


-11600 


23 


38 


50 


25 


8-3 


-12000 


-10400 


28 


37 


40 


35 


9:0 


-13000 


-11100 


34 


38 


40 


30 


« O 


+ 400 




0 




100 


0 




+ 4000 




2 




77 


10 




-7200 




14 
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Table 1 ccniinued 


rriitiJe 
{fiH} Scitvent 


Tem|»cf»turB 


PH {Oho. 


a-HeliK 


(%) 


Random ftnil 
(%) 


H, /Vfrfu/r eonDtniratum etttdy 
flOO 60% HKI1> 
210 
80 
IH 


22 


7*3 * -tOOOO 
-*II400 . 

-II2O0 


20 
2fi 
30 

25 


57 
48 
32 
24 


33 
44 
Aft 



miKlom coil were determined 
Mifnmation of th« penvntages 



WHO mcssurvu ciiipucfiits a* vun «na 222 nm, wnereas uie peruQn(age9 oi p*Rheet anci 

with a computer progrmm Mftterialii &cid MethndH). Due io the difTensnt mef4iodK of caJcurftlion. tbe 
r for netxind&ry atrucUireK may iMit equal !00%. We estimate ^at the rcaulta are «j^omu ±10%. When 
- . r J<:lurc are prenent, the jOlio, ih beilcr miited for eBtimaiing the amount of a-helix. cd. nieaauremenU were 

fierformwJ no later than 20 min after itample (teptide dtwoluUon. Ail imlutiona nintained 5 mM aqueoua baffer and the amuunfv of TFK 
t\r HKir are given aa |>erocnt by volume. 

t Sinoc R|»e*:lra for ^29-42) did not chango with variations in pH or temperature, all mraaurementa ahown for /}-{20-42l were done at 
K2 <; and pH 7-3- 



in solutions containing SO to 90% TFE, there ia 
probably a mixture of only two conformations, 
a-hclix and random coil. This conclusion is 
HupfKirted by the prefience of an iBodichroic point* 
which 18 a point where the [0] intenartles are equal. 
On the other hand, for /?-{l-42), an isodichroic point 
is only apparent in solutions containing greater than 



40% TFE. The drop in /?-8hcet content la more 
abrupt for ^-(1-39) than for /?-<I-42). The transition 
occurs within the 10 and 20% TF^ range for 
/?-(l-39} <Fjg. 2(d)), whore the ^-shcet content is 50 
and 8%. respectively. For ^-(1-42) a more gradual 
loss in the ^-sheet content occurs aa the TFE 
content is increased. These results suggest that the 



o 

I 




$5 





Wovelendih (nm) 

e 20 «o 10 Bft too 

Vo»%Tra 
(d) 

t> no'* Sol ventcomposition atudiea showing the effects of TFE on the 8e«)ndary stnictures of the P-(l-i2) and the 
u - o ^i^^^ "^ .^^ "" "^ ^^"'^'■^ ^^""^ ^""^ ^^^^"''^ graphically in panels (c) and (d)) were obtained at 

pH /-a. 22 C. and m buffered water solution containing different amounU of TFE (given as percent (%) by vol ) relative 
to water. Peptide conccntretiooa were 5 2 and IO//M for ^-<I-39) and i?-(l-42), respectively. In (a) (tipper) spectra ai« 
ahown for ^-(1-42) and in (b) (lower) spectra are shown for ^-(1-39). The amounts of a-helix, /J-sheet, and random ooll 
structures derived from tho spectra are listed in Table I under Solvent composition study. The numbers listed on the 
8j>ectra correspond to different amounts of TFE (c.d. trace, % TFE): (a> 1. 0%: 2. tfi%' 3 20o/;- 4 ao<>/- JS flno/. 

^^^s'' ^"z- 7%%;kU%\ t4 grkihst 

ofTFh on the percentages of a-helix and /^-sheet (spectra for /?-{1^2} that contained 10 and 40% TFE were omitted 
from (a), but are present in Table I and the graphs in panels (c) and (d)). 
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I'ejititle concentrations were 3-5 and 9 OiiM for fl-fl-28» and M_i<M peroent (%) by vol.) relative to water. 

i?-{l-28», and in (b) (lower) spectra a^XJn for j-fl-ia, LmnL^ «" 1*' ^"'''*f^ "* 



/J-fOicct Structure for /?-(l-42) ia more stable in solu- 
tion than the /7-ahect structure for i9-(l-39). Similar 
trends were observed using HFIP, with the excep- 
tion that HFIP 16 a better a-helix forming solvent 
than is TPE (Table 1). Approximately 60% and 
15% HFIP are required to significantly reduce the 
amounts of /?-structurc for /?-(l-42) and ^-(1-39)^ 
respectively, again showing that the ^-sheet struc- 
ture is more stable in /3-(l-42) than in =/?.(l-39). 

c,d. tjpcctra for the /?-(l-28) and )9-(l-i2) peptides 
obuined in water and water plus TFE at pH 2-8 are 
shown in Figure 3(a) and (b), respectively. These 
peptides differ considerably in thieir secondary 
strucUires in water at pH 2-8; the /?-(l--42) peptide 
adopts primarily a /?-sheet.structure (86%). and the 
/?-(l-28) peptide has virtually no ^-sheet structure 
and is mostly random coil structure (85%). For 
^-(1-28), in 10% TFE soluUoi] the random coil 
striicture,, is bUU predominant but, as shown in 
Figure 3(c) and listed in Table I, approximately 31 
to 37% helical structure is observed in 20% TFE 
soluttonva^id the transition from random coil to 
helix reaches a maximum at 30% TFE with 63 to 
70% hcli<:al jOrudture being prcaen't. The helical 
iwnieht drops fihghtly with increased concentration 
of TFR. A similar effect was seen for the i5-(l-42) 



pejiUde at pH 2-8 (Fig. 3(c)). No /?-structure was 
observt^d for the /?-( 1-^28) peptide in aqueous TFE at 
pH 2'8, and an i&odichroic point was present at 
202 nm for the 20, 30. 40 and 60% TFE solutions, 
indicating that only two conformations (random 
coil and a helical) are present. With^e addition of 
TFE to the aqueous solutions containing /3-(l-42). 
there are increases in helical struotu re (Fig. 3(c)) and 
decreases in /?-8heet structure (Fig. 3(d)). 

Shown in Figure 4 are c.d. spectra for the ^-(2^ 
42) peptide, the smallest amyloid peptide investi- 
gated iix the present worit. As expected, since the 
peptide is completely hydrophobic, no changes 
occurred when the pH or temperature were varied. 
In water, the ^-(20-42) peptide is 100% ^-sheet as 
shown by the broad negative band at 217nm and 
the positive band at 194 nm. When incremental 
portions of TFE (Fig. 4(a). upper) or . HFIP 
(Fig, 4(b). lower) are added , to the aqueous solu- 
tions, .there is a prognesstve shift from i7-8heet struc- 
ture to random coiL This effect is more p.ronounqed 
with HFIP. The absence of any notable absorptions 
at 208 or 222 nm suggests that little or no tf^hdical 
structure oxista. However, tli^ re is a small increase 
in Uie 208 nm absorption (first maklmum for* 
a-hclix) with inicreasing aniounie of HFIP, but the 
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Figure 4, c,d. spectra of the /?-r20-42) peptide in 
nqw^duti w»Jution with varioUH concentrfttions (percent by 
voluma) of TFE (a) and HPII* panel ((b) lower). The 
pn»|K)rtion8 of secondary fttructurea derived from each 
f«pciarum are eumn^arisied in Table I. Data were obtained 
at 22*C, pH 7'3, and peptide eoneentrationa of lO/iM ((a); 
ttpiHjr) and 22pM ((b), lower). The amounts of TFR and 
HFIP used for each spectrum are aa follows (spectrum 
^■ipber. % by volume of TFB or HFIP): ((a). upjMir) I 
2, 20%; 3, 40%; 4, (50%: 5, 00%; 0. 100%: ((b), 
TBWer) 1. 0%; 2, 30%; 3. 40%: 4, riO%; 5. $10%; 0, 100%. 



lack of any absiorption at 222 nm (second inaximum 
for o(-heiix) indicates that no ct-helical utructure is 
present. Instead, the absorption at 208 nm could be 
the result of a slight shia of the 217 nm absorption 
■ {maximum for /J-sheet), since this peak i« sensitive 
to changes in solvent (Li & Spector, 1069; 
Quadrifo£^]0 & Urry, 1968). 

(c) EffecUofpf/ 

The importance of charge effects or fiide-ch&in 
ionizations on the secondary structures were 
evaluated by measuring c.d. spectra as a function of 
pH. Shown in Figure 5 are c-d, spectra of ^-(1-28), 
/^-(l-39> and /?-(J-42) recorded in aqueous-TPE 
solutions at different pR values, and the amounts of 
a-helix and ^-sheet structure calculated for each 
trace are hsted in Table I, The /?-(29--42) peptide 
was not included in this study, because its o,d. 
spectra were insensitive to changes within the 
pH I to !0 range. 

For ^-(1-28), the maximum amount of helix 
(70 to 89%) in 60% TFE was observed at pH 1-2, 
The a-helix content decreases as the pFl m increased 
from 1-2 to 4*7, The smallest amount of oe-helix 
(28 to 32%) is reached at pH5-4 (Table I). 
Concurrently, as the a-helical content drops, the 
^•sheet content rises, to a maximum of 60% at 
pH 5-4. A similar trend is seen as the pH is varied 
from I0-2 to 5-4. The behavior of ^-(1-39) is analo- 
gous to that of /5-{]-28). where a minimum of 
a-heJix and maximum of ^-sheet content is attained 
at approximately pH 5*5. 




Wavetength (nm) 

figure 5. Bffett* of pH on the c,d. spectra of the ^-(1-^28), /?.(l-39). ^-(1-42) peptides. The condttiona are as indicated 
and the amounts of secondary Btructurea calculated for each spectra are summarized In Table I under pH study. The 
o V included in this study since its cd. 8|)ectra ar« insensitive to pH. In (c). spectra obtained at 

pH 3<l and 9-6 were identical to those shown for pH 1-4 and 8-3, reRpectively. In (d), spectra obtained at pH 30 and 120 
wcretdeiuica) to spectra at pH 14 and 100, respectively, ^ \ t f 
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Comparison of the c.d. spectra of ^-(1-30) and 
^-(1^2) (Fig.5{b) and {c}), demonstrates that 
/?-(l-42) contains significantly more ^-sheet content 
at all pH values. For example, at pH 6-4 there is 
80% ^-sheet content for ^-(1-42) and only 40% 
j9-8heet for ( 1-39) (Table 1). At pH7-6. ^-(1-42) 
cofttaina 50% /J-ahoet, 23 to 38% «-helical, and 
25% random coil structures, whereas /7-(l-39) is 
15% /J'Sheet, 38 to 41 % a helix, and 47% random 
coii. 

(d) Kinetics of fi-sheei produuion and precipitation 

The percentages of secondary structures can alter 
with time, and alS peptides eventually adopt 
complete /)-abeet structure in mid-range pH Values 
(4 to 7). The rate of ^-shect production is fastest for 
P-(l-42), and other factoria such as peptide concen> 
tratlon are also important; I.e. as shown below the 
/?*sheet conformation is oligomertc, so that solutions 
that contain higher peptide concentrations, will 
more rapidly aggregate as j^-sheet. 

c.d. spectra for the ^-(1-^2) peptide in water at 
pH 1-4, 6*0, 7*3 and 10 0 are shown in Figure 6{d>. 
These spectra denrjonstrate that in water the ^-(I- 
42) peptide exista almost exclusively in a ^-sheet 
conformation. There is a progressive shift in the 
.^-sheet minimum to higher wavelengtha as the pH 
is raised or lowered toward mid-range values (4 to 
7). The highest wavelength is seen at 226 nm at 
pH 5^, and the intensitv of this band is also 
reduced. This wavelength shift and subsequent 
reduction in intensity occurs because /7-(l--42) is 
forming large aggregates that ultimately precipitate 
from solution. In separate experiments* cd. spectra 
were recorded In 100% water at pH5'5 as a func* 
tion of time, and progressive decreases^ in the inten- 
sity of the c.d . band at 2 1 7 to 222 nm, together with 
a shift to longer wavelengths; were observed. For a 
12/iM sample of ^-(1-42) thex« was a constant rate 
of ai^r^ation, so that after two hours at 22'C a 
spectrum equivalent* to the baselinei was obtained, 
Centrifugatioh of the solution showed that the 
peptide had precipitateci as a white solid, which 
could only be dissolved in strong acid, such as 
trifluoroacetfc acid or formic acid. The rate of aggre- 
gation, monitored by the c.d. changes and pre- 
cipitate formation, decreased as the pH was altered 
in either direction from pHS-O. In highly basic 
.(pH 8 to 12) or acidic {pH i to 3) medium, ^-(1.-42) 
was essentially /J-sheet, but the c.d. spectra were 
reproducible and no precipitate formed. Solutions 
kept nejir physiological pH (for example, at pH 7*3) 
precipitated slower than if kept at acidic pH. The 
same trends were found for solutions of ^-(l<-42) in 
25% TFE-water (Fig. 6(c)). 

(e) iUffects of (emperaiure 

Tlio enthalpic contribution to the oc-helical struc- 
ture was estimated by. recording c.d. spectra at 
different temperatures. Shown in Figure 6 arc 
thermal unfolding curves for the ff-helical structures 



30,000 



B Z0.000 



S 10.000- 




tO 20 30 ^0 SO 60 
Temperature {'C) 

Figure 6. Temperature dependence of helix formation 
for /J-(l-28) in 00% TFE, 22'*C, at pH 2-8 (upper curve) 
and at pH 7-4 (lower curve). Peptide conocntratxon w«a 
4-3 (see Table I for data). 



of /Jr(l-28) at pH2-8 and 7-4 in TFE-water solu- 
tions. The data are listed in Table 3 . More oc-helix is 
seen at pH 2*8 thaii at pH 74» with maximum 
a-helix observed' at — 3*C. The lack of a low 
temperature plateau implies that maximum 
a-helieal content has not yet been reached. Wi€h 
Increasing temperature at pH 2*8, the a-helicnl 
content falls rapidly. €md this drop in «-helicir 
structure is aecompaniod by an increase in random 
coil structure (Table 1). By contrast, with increasing 
temperature at pH 74, a smaller drop in a-helical 
content |s observed, accompanieci by increases in 
both random coil and /^-sheet atructures. Approxi- 
mately 30% a-helix remains at 50 **C, and both 
curves start to decrease in slope at higfier tempera- 
tures, implying a limit to the breakdown of cc-heiical 
Btruciture. This suggests that JJ-(l-'28) may contain 
two a-heiical regions, one of which Is more stable tti 
temperature increases than the other. 

(f ) Concentration depetuUnce of a-heMx and fishett 
formation and iime-dependent c.d, studies 

To explore the possibility of in terniolecular struc- 
ture formation, studies of a- helix and /7-sheet forma- 
tion as a function of peptide . concentration were 
performed, A plot of the peroentage cc-holix of 
.28) at pH 2-8, 54 and 7-4 are shown in. Figure 7(a), 
and the data arc summarized in Table 1. These 
studies were .carried out in 60% TFE solution, 
which are solvent conditions designed to optimize 
helix formation and minimize the co-occurrence of 
other secondary structures (see section (b), above). 
A graph showing the effect of peptide concentration . 
on the percentage ^-eheet structuro for /?r(l-28) at 
pH 6 4 is depicted in Figure 7(b). Data for the ^-(20- 
42) peptide are also shown on the same graph . 
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Figure 7, Variations of a-helical (a) and ^-aheet (b) 
<:onUmt a» & function of peptide concentraMon. The data 
ftir holical content (a) were obtamftd with the ^-(1-28) 

•^ptklr. in 60% TFE. 2?'*C, and at the pH values aa 
dlmUnl. The data for ^-aheet content (b) w6i« obtained 
«v 22*C with the P-(l-.28) peptide in €0% TFR at pH 6-4 
<niiixitnuni for ^-aheet formation)* and the /7-(29-42) 
IKiptldo in 60% HFIP at pH 7-3. The p«roenUge« of 
H«K!tmdary stnicturaa and peptide eonoentretionB are Ihted 
uwlor l^ptide concentration study in Table I . 



(Fig.7{b)). This experiment was repeated three 
times and the results were reproducible ± 10%, 

The ^-(1-28) peptide at pH 2-8 and 7-4 has 46 to 
68% and 4 Mo 47% a-helix» respectively, with the 
remainder being random coil. The cdnformation was 
independent of peptide concentration throughout 
the 1-7 to 666 range. These solutions were stable 
over time, and no changes in the relative amounts of 
a-helix and random coil were observed over a two 
month period. Within the pH4-3 to 0-7 range, 
however, mixtures of ^-sheet, a-helix a;nd random 
coil co-exist in solution (Table 1). Moreover, for 
peptide, solutions kept at pH 4-3 to 6-7, the relative 
proportions of a-helix. ^-fiheet. and random coil are 
both time and concentration-dependent. 

Shown in Figure 8(a) (upper) are c.d. spectra of 
/?-(l-28) recorded at pH6-4 and with peptide 
concentrations of 1-7, 8-3» 17 0. 83-0; 167*0, 333 0 
^|d 60C 0>xM, The relative amounts of secondary 
■ructures for each solution ara listed in Table I . 
jTte 333 and 666 ;im solutions contain similar 
amounts of a-heiix, but slightly different aroounU of 
^-aheet and random coil. All of these spectra were 
recorded ten minutes after peptide dissolution, c.d. 



£ 
« 

CO 




Wove length inm) 

Figure 8. c.d. spectra recorded with different peptide 
conccntrationfl of 1-28) in 60% TFK at pH5-4. The 
spectra shown in the upper panel (a) were recorded 10 min 
after peptide dissolution, while the lower panel (b) 
contains spectra for the identical samples recorded 20 h 
after peptide disaolution. The 8econda4y strqcturea 
de<Iuced from the spectra in <a) were afoo used in the 
graphs of Fig. 7. To reduce overlap, the bottom panel (b) 
does not include spectra for the 8-3 I -28) sample. 



spectra were again obtained after allowing the solu- 
tions to stand at room temperature for 20 hours. 
The spectra arc shown in Figure 8(b) (lower) and the 
amounts of secondary structures calculated for the 
333 and 666 solutions are also shown. Only the 
two moat concentrated solutions show significant 
conformational changes over time, both increasing 
in fi'shect content. After 20 hours the 666 ^ solu- 
tion contains peptide that is fully fl sheet. These 
results show that the rate of ff-aheet formation and 
subsequent aggregation is concentration-dependent. 

(g) Molecular weight determination by sixe exclusion 
chromcUography 

As an adjunct to the above c.d. concentration 
studies, Uie apparent molecular weights of ^-(1-28), 
/>-(l-39) and ^-(1-42) were measured by chromato- 
graphy on a 8ephadex G50P column at pH 3-5 and 
7-4. The column was calibrated with pepsin (34,700), 
lysozyme (14»300). adrenocorticotropic hormone 
(4567) and melanocyte-stimulating hormone (1685). 
A represenUtive elution profile for /?-(l-28) at 
pH 7*4, and the calibration curve for the column at 
pH 7-4 are shown in Figure 9. From interpolation of 
calibration curves at pH 7-4 and 3-6. the apparent 
molecular 'weights of the peptides were obtained, 
then divided by their nominal weights to give the 
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Table 2 

Size exclusion chromatography data for amyloid fi-psptidea in agwous eoltUum 



AverflLge otonomeric 
MW (dftlUma^t 



ExperlmentAl MW 
(daJtonB 
±10%)$ 



Degree of 
aggregations 



3 a 

3-5 

3fi 
7^ 



3262 
4235 
4515 



3800 
3680, 13120 
4400 

4400,9120, I3S20, 18880 
4800 

4400.9120. 13120. 16880 



1-2 
I I. 4-0 

1-0 

lO, 2 2. 3 1. 4-4 
M 

097. 2<i, «*9, 4-2 



Due to tl* poor notubility in the aqueouB bufTcr. the ^(29^2) peptide waa not included in Oila ntudy. 
TOotAincd from MS meMtirementa (aoe MaUriala and MethcxfB). 
t The molecular wei^t4 {MW} Me *ceurato ± 10%. 
Degree of aggregation « expoTimentol molecular wetghi/theoretieal inonomeric molecular weight. 
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Figure 9. Slie-exciusion t^hrbmafcography data of the 
amyloid ^^peptidea (except ^-(29-^2)) in aqueous solution 
at pH 7-4 (eae Tabie2 for data). The upper plot (a) la an 
cluUon profile for the /5-(l-28) peptide. The lower graph 
(b) id a <u]ibniUun curve showing peaks for the standards 
(pepsin, lyaozymo, adrenocortiootropic hormone (ACTTH)); 
aluo, {leak & corresponds to tetrameric /3*(l-30) and ^-(I-^ 
42); j»eak fa corresponds to teitramenc ^-(I-2iB) and 
Irimeric and /?.(l^2); peak c corresponds to 

dimeric /J-(l-39) and ^1-42): peak d corresponds to 
wonomeric ^.(1-39) and ^-(1-42); peak e corresponds to 
moiiomeric /J<(!-28}. 



aggregation numbers reported in Table 2, The two 
peaks for /?-(l-28) at pH 7»4 (Fig. 0(a). upper) had 
molecular weights of 3874 and 13,124, oonsistent 
with a monomer and a tetramor, respectively. The 
^-(1-39) and /?'(l-42) peptides had four peaks in 
their elution profiles at pH 7'4, which correRpondc* 
to more complex mixtures of monomers, dimen. 
trimers and tetramers (Table 2). In contrast, the 
data obtained at pH 3*5 eaUblxiihcd that all three 
peptides are monomorio^ 

4. Discussion 

(a) PrtviouB fesearch an fi-pepiid^ and its fragments. 

. Previously reported eecQiidary atructure predif 
tions for ^-peptide (Kirachnor el at., 1987; Gorovir. <j 
al., 1087), together with pur own predictions, show 
no dominant conformation for /^-peptide. Mo3t 
importantly, our results show that the solution 
environment clearly overridfMi predicted conforma- 
tional tendencies, so prediction alone Is not a valid 
method for secondary determinations for ^-pcpttdd- 
and its analogs. 

In the solid state, the ^-(1-28), /?-(12-28), ^-(14- 
28), fi'{Q-25), ^.(i-38) and ^-(1-40) peptidcfi 
(Kirschner al., 1987; Gorevic ei a/., 1987; Fraser r; 
al,, 1991a) all formed amyloid-like fibrils in vUro. 
Other shorter peptides, ^-(1^28) and ^-(18-28). 
form broad ribbon-like structures, unlike the 
natural amyloid filaments (Oorcvio. et tii., 1987).' 
Based ujwn these resulta, it waa proposed that the 
N-terminaJ /?-(I-28) eegrnetit conferred amyioido- 
genic potential to ^-peptide. Halvorsbn et al (1090) 
have showh thcit the i$-(34-42) segment adopts anti- 
parallel i^-sheet structures, indicating that the 
C-terminal n^ion Hkewise confers some amyloido- 
gcnic potential. More recently, Fraser et o/. (I9916J 
and Burdtck eC aL (1992) have demonstrated that 
fibril assembly and disassembly is pH-depehdent, 
with ^-shee^t/fibril formation occurring only betWeen 
pH3 to 8. These latter results ore aiialogous to' the 
work shown here, and to other previous work which 
we had reported earlier (liarrow & Zogorski, 1991). 

To our knowledge, only two reports have 
attempted to describe the structure of the amyloid 
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/?-peplfde8 in solution. In the first published report, 
using c.d. the ^-(1-28) peptide was reported to have 
a maximum «-hcHcal content of 23% in TFE-water 
mixtures (Hollosi et al,, 1089). Theae resaita diaagi^e 
with our work in that we observe greater amounts 
of a helix. In addition, there was no mention of 
changes in structure with vartations in pH or 
t«mperat\iro, and no spectra were taken in water 
atone. 

In the second puWished report, Hiibich ef aL 
(1991) conducted a more thorough investigation of 
the solution conformations of the amyloid ^pept- 
ides. Using soiubtHty determinations, electron 
microscopy, infrared (IR) apectroscopy, and c.d., 
they demonstrated that residues 10 to 43 form a 
prototype for the natural /^-peptide; the ;5-( 10-43) 
peptide in water forma a dimer that is 80% ^-sheet. 
10% turn I, and 10% random coil conformation. 
This essentially agrees with our results for P'{!-42). 
However, using the resuJte from chromatographic 
separation, Hilbich clai. (1991) concluded that "the 
Bolubilitiea and . structures of the peptides were 
dejMindent on salt concentration, but seemed not to 
Iks affected by pH differences in the range tested", 
which were pH 4-5, 6*1 , or 9-3. In the present study [ 
using cd., we have shown that the secondary struc- 
tures vary with pH in a time-dependent fashion 
(Fig. 8), where mixtures of a-helix, ff-aheet, and 
random coil co-exist in Kolution, We also found, in 
wmtraat to Hilbich et a/, (J 091 ), that solutions with 
higher ^lofitide concentrations favor production of 
the /7'Hheet conformation. Their failure to take time- 
ik^lMtndcnt factors into a<:count may explain why 
atU^nitions of secnndary^tructure with pH were not 
doUtctcd in their study. 

(b) Stability of a-Kelix and fi-skeei structures 

It is clear from the Rolvent composition studies 
that the fluorinated alcohols (TFK and HFIP) favor 
production of the tt-hclical structure at the expense 
of the random coil and /J-sheet structuros. There are 
differences with regard to TFK and HFIP, in that 
loKs HFIP is generally required to stabilize the 
ff-heitcal structure. However, the maximum 
a-helical content obtained with HFIP or TFE are 
nearly identical, showing that HFIP does not cause 
additional oc-helix formation, consistent with the 
current understanding that these solvents do not 
induce tf-helix formation. The hydrophobic /?-(29- 
42) peptide has a progressive shift from a ^^sheet 
Ktructure to random coi! with proportionate 
ini!reasc3 of cither TFE or HFIP. Since these 
twilvents promote intramolecular hydrogen-bonding, 
tiicsc rcsulte indicate that the «-hcltcal conforma' 
tion is intramolecular, whereas the )9-8heet structure 
is intermolecular, 
I TFB and HFIP are well known for stabilizing 
a-helices that are in equilibrium with random coll 
tttructures, Thenc solvents are weaker proton donora 
than water, and promote structure formation by 
allowing intramolecular hydrogcn bonding to occur, 
rather than intemiolecular hydrogen -bonding with 



solvent. Most importantly, these solvonta do not 
iWwcc helix formation, but more correctly, stahUize 
(x-helices in regions that have an intrinsic tendency 
to assume helical conformation, such as regions that 
form '*nascent helices'* in water (Dyson et aL, 1988). 

Helix formation Is an enth(Upy*dHven process 
with unfoKJing of the helix increasing with 
increasing temperature; In contrast, changes in 
temperature had no effect on the ^-aheet conforma- 
tion- Rapid breakdown of secondary structure with 
increasing temperature usually indicates that 
hydrophobic interactions are not important in 
8tablli7,ation (Bierzynski et aL, J 082), Thus, hydro- 
phobic interactions are probably important for 
stabilization and formation of the ^-sheet oonforma* 
tion, but are not important for the a-helical 
conformation. 

Helical structure is formed more easily in /?-(l-39) 
than in P-(1^2), indicating that ^*(I-42) forms a 
more stable )?-sheet structure. In water, there is 
approximately 25% less /?-sheet sfcructuro for 
39), and less amounte of TFE or HFIP are required 
to disrupt the /S-sheet structure and produce 
a-helical structure. Moreover, the influence of TFE 
on the secondary structures of /?-{ I -39) and ^-(1-28) 
. are quite similar. This suggests that the Val40- 
Ile4l-Ala42 segment is critical for stabilization of 
the ^-sheet structure in solution, which is most 
likely the structure formed prior to the /^-pleated 
sheet structure of amyloid dcposite. It is possible 
that the less soluble i?-(l-42) peptide (the major 
form in plaque core amyloid) is the product from a 
defective proteolysis of APP that occtirs during AD. 
while the /?-(I-39) peptide (the major form in 
vascular amyloid) is the product from a normal 
proteolysis of APP. This proposition is supported by 
Abraham (1089), where it was implied that only a 
/^-peptide containing & minimum of 42 to 43 amino 
acids could induce a neuritic re8pon.se. 

(c) Aggregalion states of the a-hdix and fished ' 
conformations 

The rates and amounte of /?-sheet formation are 
dependent upon peptide concentration (Fig, 7). This 
dependency is more pronounced for the completely 
hydrophobic P'{29-42) peptide, than for the less 
hydrophobic ^-(1-28) peptide. Tliesc results suggest 
that the ^-sheet conformation in solution is an inter- 
and not an intramolecular structiiro. This also 
agrees with the resulte of the solvent studies 
discussed above, where TFE and HFIP, which 
promote intramolecular hydrogen bonding, disfavor 
production of the /J-sheet struoture. It is likely that 
the intermolecular ^-sheet structure in solution is a 
precursor to the intermolecular cross-/^-pleated- 
sheet structure in amyloid deposits /Kirschner a/ 
1986). 

Helix formation Is monomeric at pH 2-8 and 7'4 
over the peptide concentration range of 1-7 to 
660 pM for the /?-(l-28) peptide (Fig. 7). The data 
obUined at pH 6-4, however, are unusual in that the 
amount of a-helical structure rises from 26 to 46% 



PAGE 57/62 " RCVD AT 7/22/2010 7:15:17 PM [Eastern liayllght Tbne] " 8VR:U8PTO-EFXRF-5/16 ' DNI8:2738300 • C8ID: * DURATION <mm-ss):17-44 



07/22/2010 15:32 FAX 



@058/062 



1088 



O. J, Harrow et al. 



for jicptkU: concentr&tionii of 1-7 to 17 //m rcsp<M L- 
^'cJy. then drops to 32% al 006 (Fir. 7)? This 
>tUir drop in «-hc^lical cont>Gnl, may be due to the 
c'0'<M:currefM« of /?.«hect Ktnicturft, which for the 
/r-(l-28) fiepUde is expected at pH 6-4» but not at 
pH2-8 or 7-4 (Fig. 5). According to the sixe- 
exclusion chromatography data (Table 2). at pH 3-5 
only monomeric s|>ccies cxiat in Kolution, which 
agree« with the c.d. data, but at pH 7"3 a mixture of 
monomers, dimers. trimera and tetramers may co- 
exist in Bolution (Table 2). These reaulta agree 
<|UaiiUtively with work by Masters cl at. (IMS), 
where gel permeation chromatography ' demon- 
Ktrated that monomeric forms exist at low pH« but 
dimeric and totraraeric forms are present at neutral 
and lugh pH. Together, the«e results indicate that 
the jjcptides at high pH (7 to iO). even when 
contammg considerable a-helix, are a mixture of 
monomera, dimera, trimers .and tetramers. while at 
low pH (I to 4).ohly monomeric peptide is present. 
From these results we cannot say whether the 
^JSRWigat-ion ob«erv«?d is due to intermolecular inter- 
actions Utwecn helices or interaetions between 
small /J-sheet regions within the peptides. 

(<!) He^midbilUy tif OL-helix (o P-shttt iransUion 

Helix formation is favored at pH I to 4 and 7 to 
10, whereiiH /?.KhiH»t formation is favored at pH4 to 
« (FiK.i5). For the (1-28). ^ (1-39), and ^-(1^2) 
rptid*^. al pH 4. to 7. in TFE/Water solution, a 
mixture </f a-helix, P-sheet and random oofi struc- 
twftw fOH^xiKt in eciuilibrium. Over time this eouili- 
brium movi* Uiwurtl more /? sheet structure, in a 
ocmc<!nlration-fle|>endent manner (Fig. 8). Interest- 
/mgly. the maximum rates of Aggregation are 
«li.servr<l at approximately pH 6-5. which is close to 
the pn-dicU«d (Sillero & Rilieiro. 19S9) isoelectric 
fK)mt of 01 for /?^peptide. This indicates that a net 
charge of >ato favors /?-sheet formation. 

If the peptide concentrations are relatively low (I 
to by adjusting the pH one can cause the 

^•fihwt c^nlent to decrease and observe a corre- 
spoiuling increase in thca-heJical content. However 
when dealing with more concentrated peptide solu^ 
Uons (! to 5mM). the transition from a*heli]^. to 
^-fihcet is not so readily reversible. For example, 
whtrn the pH was increased from 3*5^4-{t or 
decreased from 71— 6-6 for a 3r5 mM solution of 
/?-(l-28) in TFE/water solution, the sample immedi- 
ately turned into a gel that could only be dissolved 
in concentrated acid. The gel is presumably an 
amyloid-likc aggregated /?-sheet structure. 
Kirschner d o/. (l987) performed X-ray diffraction 
and elcKitrxm microscopy of similar gels, and found 
cros8./?.pleatcd sheet structures similar to in vivo 
amyloid. 

KMv^ <if uggi-egation to a preciptUted ^-shcet 
rudure are fastest for /J-(20-42) and slowest for 
^•(1-28), for the four peptides studied^ ie 
^•(29-42) > /?-(l^2) > /?-(|.39) > /?.(|-28). ' Other 
factors Kuch jwptide concentration, pH, tempdra- 
4ure. solvent, and tonic strengUi are also important. 



am> 
'^|fru 



More detailed time-dependent c.d. studitts, whiob 
take all of these variables into account, art? caetirlv 
needed to ascertain better the rates of aggrcgaUon 
and the degree of reversibility {^-8hect-^ «-helix). 

(e) Role, of Ike. hydropMiic C ierminiis; in direc4tnfi 
Uie folding to lU p'pleaUd.»ke.H MrwUurc in amyuTid 

It was pro]Kise*l that /?-poptidc contains the 
major structural requirements for aggregation into 
amyloid filaments m vUro (Glenner. Ul«()). We have 
shown that the two peptide regions, /?• (20-42) and 
/(-{l^28), are quite different in their solution Ik- 
havior and that iS-{29-i2) has a high proriensity to 
form /5-8heet structure in aqueous Holutions. This 
suggests that the 29 to 42 amino acid segment 
djrecte the folding of ^ peptide prior to plaque 
formation, end predisposes the complete peptide to 
aggregate as the ^-pleated sheet structure found in 
amyloid deposits. Furthermore, this segment is 
completely hydrophobic, and globular proteins are 
known to fold ajid form ^-pleated sheeta bv 
mechaniams that involve hydrophobic interacUotiK 
between adjoining segments pf secondary structures 
(Sternberg & Thornton, 1977; Kim & Haldwin. 
1990). We propose that the initial interactions 
between P*(>eptide molecule^ involve the CJ-tcrminal 
ends of two strariVIs; After this initial interaction, if 
solution conditibhs are favorable, the remaining 
residues form^-stnicture. eventually generating the 
anti-ijarallel alignment aeon in plaquiw, 

(f) Oircuidtion of fi-pepfide in vivo; ejcUlcrtce of 

Ifte cc^MwiI Mrurture 

Reiuntly, amyloi<l deposits wmtaining /?-|M<pti<le 
were detected in tissuoa other thiw the brain 
(Joachim aL^ 1089). The rationale behind these 
observations wias Uiat a circulating form of APP or 
/^-peptide is responsible. APP hivs l>ef.in found in 
human platelets (Bush ei al„ I90O; Oardella d al.^ 
1990) and mononuclear blood leucocytes (Mcinning 
tt al„ 1990), In addition, large soluble fragments of 
APP are known (Dy rks e/ ai , 1988; Selkoe ei al,. 
1988; Palmert cr a/., 1989). although most of the^c 
fragments do not contain the full /^-peptide 
segment, and therefore cannot servo as prcfcurwrs of 
tlie ^-peptides found in plaques (fshiura, 1991). 

Our work establishes thatp-peptide alone may be 
soluble enough for transportation in blood. At kiw 
concentrations ^-peptide could be transr»orted in a 
P-sheet information. This is. the conformation 
expected in blood plasma, since at physiological pH 
in water the natural peptides, /J-(l-39) and ^-(1-42), 
adopt primarily /?-sheet conformations (Tabic ]). 
Alternatively, the |>feptidea could be transported in 
hlood in an a-helica! conformation. This latter poss- 
ibility may occur if ^-peptide were associated with 
lipid material, where ^-peptide would be expected 
to be a-helical, as in tlie membrane mimicking TFH)/ 
water mixtures (flraxm et al,, 1983). Residues 8 
te 17 of /7-pefitide can associate and bind to lipid 
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receptors (Ali»op c/ a/., 1088); ftJacK the. 29 to 42 
ncgment nhould interact favorably with lipkifl or 
membranes, a« this Begment is hydrophobic and 
naturally membrano-bound in APP, 

We propose that once released from APP, /? pep- 
tide could become localized within a membrane-like 
environment, and Huhneq uen tly transported to 
different regions of the body in blood (Fig/lO): In 
this way binod would provide a suitable environ- 
ment for ^-peptide to exist in a soluble, monomeric 
a-heltcal conformation. Thia proposition meacia that 
we do not need to envisage the existence of & 
common circulating precursor to ^-peptide. 

<B) Mtduiniam of pfhinduced amyhidogtrusU 

The pathogenesis and the mechanism of amyloid 
formation in AD is unknown (for reviews, see 
Wlsniewfiki & Iqhal, 1980; Castano & Frangione, 
1988). Current theories assume that an abnormal 
cleavage of APP occurs so that ^-peptide is released, 
and then spontaneously aggregates into amyloid 
dejiasits. Support for these theories comes from 
«*veral recent findings: (!) two forms of APP 
(APP75I and APP770) contain Kunitz-type 
protcane inhibitor domains (Kitaguchi ef ai., 1988); 
(2) proteolytic cleavage to residue 16 of ^-peptide 
within APP w^ demonstrated (Sisodia e< ol., 1990; 
Ksih rt a/.. 1090); (3) several protease inhibitors, 
jiuch asa,-antichymotTypsirt (Abraham ei al, 1988) 
and cttlhepsin B and D <Cataldo & Nixon, 1990)» are 
present in amyloid deposits' of AD. However, the 
nilejc of these prqteaso inhibitors in the production 
<»f ajityloTci have yet to be determined; Abo, the 
KiipgcHtion that cleavage- within tlie amino acid 
region of ^^pt^ptide is the normal processing of APP 
ts still speciuliative. 

Outlined in Figure J 0(k) are two cleavages of APP 
(for simplification, shown only for APP6^j, As 
mentioned above, one kndwn cleavage (Pig, 10(a), 
paUi a) involves proteolysis of APP between Gin 1 5 
and Ijeui7 of ^-peptide, where the intervening 
LyslC is removed by an exopeptidase (Sisodia ei al., 
lOM: Esoh c/o/.. 1990). The second cIeaVageof APP 
(Fig- 10(a). paihb) releases ^-peptide. The cleavage 
sites for the latter path are quite variable, with both 
the N- and C-terrainal ends being heterogeneous 
(Kang d al,, 1987; Prclli et al., 1988). Once released, 
^•peptide could be secreted into blood, internalized 
by cells, or itself undergo further proteolysis. If 
intcma]i/.ed by cells or present in blood serum, we 
propose that /^ peptide may become localized in a 
membrane-like environment, where it can- adopt a 
stable Qr*helical conformation (Ftgy 10(a)), analogous 
to its conformation in TFE/water (Fig. 10(b)), In an 
Qc-ii«lical conformation, /?>peptide would remain in 
solution, and could be transikirted in bibbd. It 
liliould bi kept in mind that neither soluble 
^-peptide forms, nor a common, circulating 
precursor, have 3'et been detected in blood. 

In either an aqueous or a membrane-like environ- 
ment peptide favors a ^-shect structure at pH 4 to 
7 (Fig. 5). Wecstimatii (SillerO & Ribeiro, 1989) that 



the i.soclw.tric point of /?-fM».pt.idf» i.s af>proxiinaU.|y 
0-1, similar to pH 5-5 whero a {naximum in rtg^rri.^j^, 
tion of /?-(I-42) is observed. Porhafw the approiic-li 
of the brain microenvironment pH towards* the isi 
electric r>oint of /^-peptide is resjionKihle for Uk 
^gg'^g^^^'^g inu^ra<;tions. 

Yates et al. (lOflO) have -shown that brains from 
patients who die after Ab.heimer disease aw. more 
acidic (pH 6 0) than brains from patients who die 
suddenly with no brain disease (pH 7-1). This result 
is especially significant, because our work has sh<jwn 
that the rate of aggregation of /?-f»eptide would be 
greater at pH 6-6 than at pH 7- 1 , Thus, a drop ir> pH 
(?•! -*6*6) should speed up amyloid plaque fornuj 
tion in tnvo (Fig. 10(a)). It is also known that 
^•peptide can exist in di.ntinct Hf^ttes of aggregation 
within different lesions (SpillAntini et aL, 1090). This 
means that ^-peptide probably aggregates to form 
plaques in stages, initially forming preamyloid 
deposits (Yamaguchi el al., 1988; Tagliavini ei al,, 
1988; Mann & Esiri. 1088). Under, normal condi- 
tions. thcBe preamyloid depoaits may lie sohibic 
enough to be excreted from the body, cither nui 
proteolysis or another mechaniKm. However, 
changes in environmental factoids, such as a towering 
of pH, may induce aggregati<m leading to high 
concentrations of insoluble amyloid plaques. 

Many events in vivo could lie ri-jiptrnKible for the 
localized fluctuations in pH that cauAe./7-p€?pttde to 
precipitate as amyloid. For oxu,mplo, decreases in 
the supply, of oxygen (ischemia) to cerebral tissue 
are usuaJly OrfcicomfMiniecl by reductions in pH 
(Gilboe ttL, 1086); I.e. dro|M? of pH 7-I— hav*- 
boi'sn dcKcrilMCid- (Munckala & HoNKmann, WHlj. 
When Jscbenita is acconipanicd by elcval4rd blood 
glucose Wels {hyperglycemia). Wreliral pH <^an fall 
even lower: to pH 5-2 to 5-4 for a ptiritid of 
20minuV(»' (Kraig et al., 10^7). Moreover, both 
ischcrhid and iiyperglyt«inia, lus v/e« as shock, hypo- 
tension, hypoxia and renal disordcrK which all also 
lower blood pH (Johnston & Alhorii, 1083). are 
typically found in elderly patients where tlie inci- 
dence^' of AD is greatest. Other possibilities inchuic 
epileptic seizures (Sicsjo. 1085). changes in locaii/xul 
neurotransmitter concentrations, contact with 
neutrophils and monocytes where the pH can drop 
to as low as 4*5 to 5*0 (Jacquea & Bainton. 1978), or 
degenerating - neurons which can alter the pH by 
releasing cathc|jsin-ladei> vesicles (Cataldo ^ Nixon, 
1990), 

For the transition oc-helix random* 
coil ^-shcet as the pH is Jowered from 7-0, it is. 
likely that one or more hisUdine residues arc bein^' 
proionated: One possibility i» that within thr 
a-helix. a histidine residue (exjKjct/ed pA% in a pro- 
tein in <>-5 to 7 0) could be involve^l in an electro- 
static interaction with a carboxylate group of an 
adjacent monomer. If this is the (X£e, then increases 
in ionic strength sliould promote disruption of the 
ilinicrs. trimers arid tetramcirs of the cc-helix into 
monomers. In this regard, Hilbich et at. (1991) 
bbscr\»e<l only monomers with high suilt concentra* 
tions. We are currently re-examining tlie effects of 
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•ionic strength of the secondary structures of 
p-p(!j>tide inside the p?i 7 to 10 rango. 
Our work shows that /J pepttde can form aggre- 
gated /?-aheet structures in vitro. Thus, materials 
t^uch as aluminum, heparan, lipids or other proteins, 
which are normally found colocalized in the amyioid 
deposits (Candy et al, 1986; Bchrouz ei aL, 1«89). 
may not be critieal for the deposition of /^-peptide in 
wiwi. Instead. Uiey probably facilitate the process 
by serving as additional nucleating oentera as 
/y-I)epUde begins to precipitate into an amyloid 
defiosit. We suggest that /^-peptide deposition is a 
taUvstage neuronal evcjit, which is induced by 
cmvironmental factors. If a drop in pH is necessary 
for amyloid deposition, then correcting it may 
provide a thera)>euUc means to prevent amyloid 
iieeumulation and perhaps slow the progress of 
Alscheimer^s disease. 

5. Conclusions 

This study reports on e.d. invesUgations of the 
solution conformations of synthetic /}-f>eptide8. The 
rcMulta from our work demonstrate that peptide is 
an intrinsically insoluble protein, and that it 
wloptH different informations in solution 
ch^fwnding upon the cxt<^nial solution conditions. 
We have shown that environmental pH is an impor- 
tiuit factor in the rate of ^-peptide iH;grc6a'tion, 
^^'ith the most rapid aggregation CKteurring clow, to 
^.he istHtkjctric fxiint of /9>|)eptide. Our results also 
Kijgg^ist that /?-iH5ptide alone is soluiile enough U> he 
tTanH|Mirted in blood. The present study underscores 
the i\vv.(\ ftir further rew'.arch inU» Uie fxuiformatif m. 
dynamics and meehanLsms of amyloidoKts of /3-pep- 
tide in solution and. in partieuiar, for more detailed 
studies on a molecular level. Such information could 
be applicable to the design of drugs to curtail the 
amyloidosis of j3-peptide in ntw. 
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